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ABSTRACT 
 The high surface area and atomic-level tunability offered by nanoparticles has defined their 
promise as heterogeneous catalysts. While initial studies began with nanoparticles of a single metal 
assuming thermodynamic shapes, modern work has focused on using nanoparticle composition 
and geometry to optimize nanocatalysts for a wide variety of reactions. Further optimization of 
these refined nanocatalysts remains difficult, however, as the factors that determine catalytic 
activity are intertwined and a fundamental understanding of each remains elusive. In this work, 
precise synthetic methods are used to tune a number of factors, including composition, strain, 
metal-to-metal charge transfer, atomic order, and surface faceting, and understand their impact on 
catalysis. The first chapter focuses on current achievements and challenges in the synthesis of 
intermetallic nanocatalysts, which offer long-range order that allows for total control of surface 
structure. A particular focus is given to the impact of the synthetic approach on the activity of the 
resulting nanoparticles. In the second chapter, multilayered Pd-(Ni-Pt)x nanoparticles serve as a 
controlled arena for the study of metallic mixing and order formation on the nanoscale. The third 
chapter controls the shell thickness of Au@PdPt core-alloyed shell nanoparticles on a nanometer 
scale to isolate strain at the nanoparticle surface. In the fourth chapter, the synthetic approaches of 
chapters two and three are applied to catalysis. In totality, the work presented here represents a 
brick in the foundation of understanding and exploiting structure-function relationships on the 
nanoscale, with an eye toward the rational design of tailored nanocatalysts.  
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A significant portion of the work described in this chapter will be published in: Williams, B. P.; 
Huang, W.; Tsung, C.-K. The Impact of Synthesis on the Catalytic Application of Intermetallic 




Intermetallic alloy nanocrystals have emerged as a promising next generation of 
nanocatalyst, largely due to their promise of surface tunability. Atomic control of the geometric 
and electronic structure of the nanoparticle surface offers precise command of the catalytic surface, 
with potential for creating a homogeneous active site that extends over the entire nanoparticle. 
Realizing this promise, however, has been limited by synthetic difficulties, imparted by differences 
in parent metal crystal structure, reduction potential, and atomic size. Further, little attention has 
been paid to the impact of synthetic method on catalytic application. In this chapter, we seek to 
connect the two, highlighting the current catalytic scope of intermetallic syntheses and suggesting 
areas where more work is needed. Such analysis should help to guide future intermetallic 
nanoparticle development, with the ultimate goal of generating precisely controlled nanocatalysts 
tailored to any reaction. Insights presented herein will also be used to complement and extend the 
analysis of our own work, presented in detail in Chapters 2 and 3. 
1.2 Introduction 
With increased attention paid to global warming, interest in renewable energy is rapidly 
increasing.1 Though platinum remains at the forefront of industry, alternatives are gaining traction, 
particularly through the addition of nonprecious metals that can simultaneously reduce cost and 
increase scope.2-5 Work on the nanoscale began with random alloys that offered the ability to 
mimic (or improve upon) the overall electronic structure of platinum.6-8 However, though altering 
composition allowed platinum content to be decreased and the over electronic structure to be 




Intermetallic compounds (IMCs), with long-range order throughout the alloyed crystal 
lattice, offer a solution to this challenge, with the potential to position individual atoms for 
complete geometric and electronic control.9-11 They have already found use in many fields, 
including shape memory,12-14 hydrogen storage,15-17 and superconductivity.18-21 Their application 
in catalysis is growing, as they have been shown to be generally more robust and often more active 
than their random alloyed counterparts.22-25  
However, even though IMCs are thermodynamically stable, their synthesis usually requires 
high temperature mixing that prevents easy fabrication on the nanoscale, especially with a 
controlled morphology.26-28 Many of the most active nanocatalysts have far-from-equilibrium 
structures and controlled sizes5, 29-31 that can be damaged by even relatively mild annealing 
conditions. As such, fine synthetic control initially focused on random-alloy nanoparticles.32-43 
Recently, though, a number of synthetic approaches have been identified for the successful 
fabrication of IMC NPs. The array of approaches has been outlined elsewhere, but, in general, 
discussion of the synthetic method has been decoupled from the catalytic application.44-52 We 
believe that discussing the two simultaneously could be beneficial for two reasons: First, it could 
be more clearly identified which synthetic approaches are being applied to which reactions, 
allowing for the recognition of reactions lacking IMC catalysts. Second, synthesis method can 
have a lasting impact on catalysis. By grouping synthetic methods with catalytic applications, we 
seek to shed light on the current strengths and weaknesses of IMC NP catalysis. The insight 
generated should guide the development of new IMC catalysts, with a vision for the generation of 
design rules for the synthesis and application of catalysts tailorable to any given reaction. 
1.3 Top-Down Methods 
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Top-down approaches are roughly defined as methods that either perform bulk IMC 
formation or focus on transferring the harsh annealing conditions associated with IMC formation 
to the nanoscale. When applied directly to NP synthesis, there is generally some form of protection 
for the nanoparticles, e.g. an oxide support, that prevents sintering and allows the nanostructures 
to survive under relatively high temperatures. Top-down methods benefit from their relative ease 
of synthesis, and it is well-known that supports can play a valuable role in catalysis.53-55 However, 
fine control over the NP surface structure is somewhat lacking, which saps some of the benefits of 
using IMC NPs. 
1.3.1 Bulk Annealing 
Perhaps the most straightforward method to transfer the historical methods of IMC 
formation56 to the nanoscale is to simply use the harsh annealing conditions required to mix metals 
in the bulk and then modify the resulting IMCs to form nanocatalysts. Schlogl, Armbruster, and 
coworkers prepared Pd-Ga IMCs with various stoichiometries, which they ground into powders 
and used for the semihydrogenation of acetylene.57-60 They attribute its high activity to the 
controlled coordination of Pd in the PdxGay crystal lattice, showcasing the atomic-level control of 
IMCs on surface structure.61 Armbruster showed that ordering in Cu60Pd40 powders could improve 
selectivity, which was attributed to the partial isolation of Pd sites in the ordered structure,62 and 
Armbruster, Grin, and coworkers found that the inclusion of Sn into the ordered crystal structure 





Figure 1.1 Scanning transmission electron microscopy (STEM) image and electrochemical 
stability of mesoporous Pt5Al/Pt/C ribbons. (a) High-angle annular dark-field‐STEM (HAADF-
STEM) image of Pt5Al/Pt dealloyed intermetallic compound. (b) (A) Measured and (B) simulated 
x-ray diffraction patterns of MP Pt5Al/Pt. (c) Polarization curves for the ORR of Pt5Al/Pt/C 
catalyst before and after 40,000 potential cycles. (d) Half‐wave potentials for Pt3Al/Pt/C, 
Pt5Al/Pt/C and Pt/C catalysts as a function of number of cycles. (e) CV curves before and after 
40000 potential cycles in a range from 0.6 to 1.1 V. f) Comparison of ECSA retentions for 
Pt3Al/Pt/C, Pt5Al/Pt/C and Pt/C catalysts during the electrochemical cycling. Reprinted with 
permission from Ref. 64. 
 
Jiang and coworkers showed that synthesizing materials through bulk annealing could 
provide a platform for post-synthetic processing to form active IMC nanocatalysts. They used arc 
melting and chemical dealloying to produce Pt-Al IMC nanoribbons with Pt5Al proving 
particularly active and durable for the oxygen reduction reaction (ORR) (Figure 1.1).64 They 
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extended this method to yield Pt-based IMCs for ORR65-67 and hydrogen evolution (HER)68 and 
to synthesize  electroactive Al7Cu4Ni@Cu4Ni nanocrystals integrated into a highly conductive Cu 
skeleton that showed high activity for alkaline HER.69 
 
Composition Catalytic Reaction Ref Year 
PdxGay Selective Hydrogenation 57-61 2008-10 
Cu60Pd40 Selective Hydrogenation 62 2013 
Ga0.72Sn0.28Pd2 Selective Hydrogenation 63 2018 
Pt5Al ORR 64 2015 
(Pt1-xFex)3Al ORR 65 2016 
(Pt1-xNix)3Al ORR 66 2016 
(Pt1-xCox)3Al ORR 67 2018 
(Pt1-xCox)3Al/Pt-Co(OH)2 HER 68 2019 
Al7Cu4Ni@Cu4Ni HER 69 2018 
 
Table 1.1 IMC Nanocatalysts synthesized through bulk annealing. 
 
Bulk annealing methods offer several advantages. First, their implementation is relatively 
straight forward, relying on the thermodynamic driving forces that have underpinned metallic 
mixing for centuries. Second, IMC NPs are somewhat suited to rough preparation methods, like 
bulk annealing, as the atomic order present in the IMC phase allows even such rough approaches 
to generate some control over surface structure. That being said, this strategy does not allow for 
the controlled, far-from equilibrium surface structures that have defined the most active catalysts 
in single metal and random alloy NPs. Bulk annealing, though, could offer an opportunity to 
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explore rich new compositions, which may be active without the fine synthetic control of more 
nuanced methods. Phases identified as active in bulk methods can serve as worthy targets for other 
shape- and size-controlled methods. 
1.3.2 Annealing on a Support 
Supports can anchor NPs and prevent sintering and degradation at high annealing 
temperatures. These properties allow supported NPs to serve as excellent precursors to IMC NPs. 
Supported NPs also serve an ideal arena to study metallic mixing and IMC phase formation, 
offering a foundation for the fabrication of supported IMC nanocatalysts.70-75 
Schaak and coworkers used supported Pt NPs as a template for the reduction of a second 
metal salt in ethylene glycol, followed by annealing to form IMC PtM (M = Ru, Pb, Sn) NPs 
supported on CeO2, Al2O3, carbon, and Fe3O4.76 They found that PtPb NPs on Vulcan carbon were 
active for formic acid oxidation (FOR). Nazar and coworkers used an impregnation method to 
synthesize Pt-based IMC NPs supported on mesoporous carbon, with PtBi showing high activity 
for the FOR.77 Sun and coworkers synthesized ternary CoPtAu NPs with an IMC PtCo core and 
an alloy PtAu shell that showed excellent catalytic performance for the oxidation of ethanol (EOR), 





Figure 1.2 Characterization of PtBi IMC NPs. (a) Pt and Bi EDX maps corresponding to their 
dark-field STEM image (inset), showing sub-nanometer mixing in mesoporous carbon. (b) Dark-
field STEM image of ordered mesoporous carbon (OMC)-PtBi-3 nm, illustrating the narrow 
crystallite size distribution in a representative section of the bulk. (c) Histogram showing 
nanocrystallite size distribution based on a count of 407 crystallites in two different sample areas 
(representative STEM image shown in the inset). (d) Bright-field HRTEM image of OMC-PtBi-
3 nm, with lattice spacings marked. (e) EDX spectra for individual PtBi nanoparticles in OMC-
PtBi-3 nm; the inset shows the dark-field STEM image, with the corresponding analyzed 




Schaak and coworkers also used the aforementioned method to synthesize Pt3Sn on 
graphite for CO oxidation.76 Komatsu and coworkers synthesized several Pt-based IMC NPs 
through the successive impregnation and annealing of various metal precursors in mesoporous 
SiO2 or Al2O3, with Pt3Co/SiO2 and PtCu/Al2O3 highly active for the preferential oxidation of CO 
in the presence of excess hydrogen (PROX).24, 79 Komatsu, Furukawa, and coworkers synthesized 
supported Pt- and Pd-based IMC NPs through impregnation of a SiO2 or Al2O3 support using H2 
or LiBH4 reduction, with Pd3Bi, Pd3Pb, and Pd13Pb9 showing particularly high activity for the 
oxidation of dibenzylamine to N-benzylidenebenzylamine, which they attributed to changes in 
adsorption energies induced by the Pd coordination environment.80-82 
Yu and coworkers used an anodic aluminum oxide template for electrochemical reduction 
of PtCl2, CuBr, and NaNO3 in DMSO to form alloy PtCu nanotubes.83 Still in the support, they 
were annealed at various temperatures under reducing temperatures (from 300 °C to 700°C) to 
yield different degrees of ordering and surface Pt content that led to increased activity for the ORR. 
Abruña and coworkers synthesized PtCu3 IMC NPs through the impregnation of a carbon support 
and annealing at 1000 °C under H2.84 Both electrochemical and chemical dealloying methods were 
used to activate the NPs for catalysis, with the chemically dealloyed NPs showing high activity 
and durability for ORR. Abruña and coworkers further synthesized Pt3Co@Pt/C NPs through an 
impregnation method, drying Pt and Co precursors into a powder and then annealing at 400 and 
700 °C under an H2 atmosphere.25 They found that activity and durability for the ORR were 
dependent on annealing temperature, with the 700 °C showing improved activity and recyclability, 
which they attribute to the development of an outer Pt shell around the Pt3Co core. Bock, Botton, 
and coworkers synthesized an ordered PtFe nanocatalyst by drying Fe(NO3)3 on Pt/C and 
annealing at 800 °C under 8% H2 in Ar.85 Different crystal structures and degrees of ordering were 
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seen depending on the initial Fe concentration, with a Pt-rich shell and IMC core contributing to 
high ORR activity.86 Yang and coworkers synthesized Pt3Cr NPs supported on carbon that 
underwent a disorder-to-order transition under 700 °C annealing.87 Mass activity for ORR 
decreased in the order of disordered-Pt3Cr/C > ordered-Pt3Cr/C > Pt/C while specific activity and 
durability increased as Pt/C < disordered-Pt3Cr/C < ordered-Pt3Cr/C. 
 
Composition Catalytic Reaction Ref Year 
PtPb/C FOR 76 2008 
PtBi/C FOR 77 2010 
CoPtAu/C MOR, EOR, FOR 78 2019 
Pt3Sn/C CO Oxidation 76 2008 
Pt3Co/SiO2 PROX 24 2008 
PtCu/Al2O3 PROX 79 2013 
Pd3Pb/MOx Amine Oxidation 80-82 2013-15 
PtCu/AAO ORR 83 2012 
PtCu3/C ORR 84 2012 
Pt3Co@Pt/C ORR 25 2013 
PtFe/C ORR 85, 86 2013 
Pt3Cr/C ORR 87 2014 
AuCu3/C ORR 88 2014 
PtFe/C ORR 89 2015 
PtNi/C ORR 90 2015 
PtNi/SiO2 ORR 91 2016 
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PtNi0.8Co0.2/C ORR 92 2019 
Pd2Ga/C Selective Hydrogenation 93 2011 
Rh2Sb/SiO2 Selective Hydrogenation 94 2014 
PdZn/SiO2 Selective Hydrogenation 95 2019 
Pd2Ga/C CO2RR 96 2015 
Cu3Sn, Cu6Sn5/Cu CO2RR 97 2019 
 
Table 1.2 IMC Nanocatalysts synthesized through annealing on a support. 
 
Li and coworkers synthesized AuCu3 NPs supported on carbon by reducing CuCl2 and 
HAuCl4 with NaBH4 onto activated carbon and annealing under 5% H2 gas.88 The AuCu3/C 
catalyst showed higher activity and durability for the ORR when compared to Au/C, AuCu/C, and 
Pt/C, which they attributed to a combination of synergistic effects at the active site that originated 
from the pairing of two elements with a weak (Au) and strong (Cu) affinity for oxygen binding. 
Hyeon, Sung, and coworkers synthesized PtFe IMC NPs supported on carbon by annealing random 
alloy PtFe NPs synthesized by the reduction of Pt(acac)2 in oleic acid and oleyl amine followed by 
the injection of Fe(CO)5.89 The ordered fct-PtFe/C showed higher activity and stability for the 
ORR relative to disordered fcc-PtFe/C and Pt. Yang and coworkers synthesized IMC PtNi NPs 
through reduction on carbon and a disorder-to-order transition induced by annealing at 550 °C, 
with the ordered catalysts showing higher mass activity, specific activity, and durability for the 
ORR than their disordered counterparts.90 Joo, Yim, and coworkers synthesized mesostructured 
IMC PtM (M = Ni, Fe, Co, or Cu) nanoparticles through the impregnation of spherical mesoporous 
silica nanoparticles and reduction by annealing under hydrogen, with PtNi, after multiple 
annealing steps to induce ordered phase formation, showing high ORR activity and durability over 
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50,000 cycles.91 Li and coworkers synthesized Pt@NiCoOx core@shell nanoparticles through a 
glucose reduction in the presence of PVP, loaded them on carbon black, and annealed them at 600 
°C to form L10-PtNi0.8Co0.2 IMC NPs.92 The oxide shell helped to further shield the structure 
during annealing, and the particles showed high activity and stability for the ORR. 
 
 
Figure 1.3 Synthesis and characterization of mesostructured Pt-based intermetallic nanospheres 
(Meso-PtM). (a) Schematic illustration of the synthesis of Meso-PtM. (b) HAADF-TEM image of 
Meso-PtNi. (c) HAADF-STEM image of Meso-PtNi. (d) Atomic-resolution ADF-STEM image of 
Meso-PtNi and FFT pattern of yellow square area. (e) Line profile of red rectangular area in figure 





Su and coworkers synthesized Pd2Ga/C through the impregnation of carbon nanotubes 
followed by reduction under H2 gas. The heterostructures showed high activity and selectivity for 
the semihydrogenation of acetylene.93 Komatsu and coworkers synthesized Rh-based IMC NPs 
through the successive impregnation and annealing of various metal precursors in mesoporous 
oxides, with Rh2Sb/SiO2 showing particularly high activity and selectivity for the 
semihydrogenation and subsequent isomerization of diphenylacetylene to trans-stilbene.94 
Komatsu and coworkers synthesized Pd-based IMC NPs on SiO2 through reduction under flowing 
H2 at 1073 K, applying them to the selective hydrogenation of phenylacetylene to form styrene. 
They found that PdZn IMC NPs were particularly active, and that this activity could be further 
enhanced by introducing a third metal through galvanic replacement, with PdZn + 0.25Pb 
performing the best.95 
Fiordaliso and coworkers synthesized Pd2Ga IMC NPs through wetness impregnation of 
SiO2, which proved active for the hydrogenation of CO2 to methanol.96 Chen, Kang, and coworkers 
electrodeposited Sn on a Cu foam and used annealing to form IMC Cu3Sn and Cu6Sn5 NPs, which 
were active for the electrochemical reduction of CO2 to formate.97 
The annealing of random alloy NPs on a support is perhaps the most natural method for 
the synthesis of IMC NPs, as the support offers a straightforward way to increase the resilience of 
NPs to annealing and can supply synergistic effects to increase activity. Carbon is a natural 
conductive choice for electrochemistry, and oxides are well-studied platforms for controlled 
syntheses. This approach has thus yielded a rich array of IMC nanocatalysts. However, while these 
materials are natural targets, future work should be done to explore materials that fall outside of 
these Pt-based, C/oxide-supported NPs applied to the ORR. One great promise of IMC NPs lies in 
the atomic-level control of their surface structure, with the hope of tailoring composition and 
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geometry for specific reactions, displayed in a few works that have pushed composition in new 
directions and to new reactions.80-82, 93-94, 96-97 More such studies are needed to expand the scope 
and fulfill the potential of IMC nanocatalysts. 
1.3.3 Annealing in an Inorganic Shell 
More recently, this approach has been modified to yield even greater control over the 
annealing environment by completely encapsulating the nanoparticles in an inorganic shell. 
Building on initial work in magnetic PtFe IMC NPs,98-99 Sun and coworkers synthesized IMC fct 
PtFe NPs through a multistep reduction process involving the use of MgO as an oxide shell for the 
formation of fct IMC PtFe during annealing.100 For catalysis, the oxide shell was etched away and 
the IMC NPs were supported on carbon, displaying high activity and stability for HER and ORR.101 
They additionally found that the use of a second annealing step to form a thin Pt shell in a 





Figure 1.4 Characterization and catalytic activity of intermetallic PtxM@mSiO2. (Left) TEM and 
HRTEM images of (a,b) Pt@mSiO2 and (c-l) intermetallic PtxM@mSiO2 for (c,d) PtSn, (e,f) 
Pt3Sn, (g,h) PtPb, (i,j) PtZn, and (k,l) Pt3Zn. Lattice spacings calculated from the HRTEM images 
as indicated. (Right) (a) Catalytic performance of Pt@mSiO2 and PtSn@mSiO2. (b) Furfural 
hydrogenation by PtSn@mSiO2 with a lower amount of the catalyst (0.26 mg, Pt mass = 0.124 
mg). Reaction conditions for furfural hydrogenation: Furfural/H2/He = 0.023/11.4/8.6 mL/min, 
160 °C. Adapted with permission from Ref. 104. 
 
Yin and coworkers synthesized alloy AuAg NPs for plasmonic application by 
encapsulating Au@Ag core-shell NPs and coating them in SiO2 to withstand the 1000 °C annealing 
temperature used for mixing. Base was used to dissolve the SiO2 shell post-annealing, and the 
particles were used for surface-enhanced Raman spectroscopy.103 Huang and coworkers used a 
similar method to form IMC PtSn NPs, coating Pt NPs in a SiO2 shell and reducing SnCl2 to form 
an encapsulated random alloy. Annealing at 600 °C yielded an IMC PtSn@SiO2 nanoparticle that 
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was used for the selective hydrogenation of furfural, nitroarenes, and acetylene.104-106 The Huang 
group recently built on this initial study to show that the degree of ordering, homogeneity of 
mixing, and surface composition could have a large impact on catalytic activity for the 
hydrogenation of furfural.107 Another method introduced Zn into Pt NPs supported on multi-walled 
carbon nanotubes, with an annealing step to form PtZn IMCs followed by etching of the 
surrounding SiO2 shell.108 The SiO2 shell served to maintain small NP size during the annealing 
process, with the resulting particles proving active for the MOR. This system, dubbed a “self-
contained nano-reactor”, also serves as an excellent platform for the study of metallic mixing and 
IMC phase formation.106, 109 
 
Composition Catalytic Reaction Ref Year 
PtFe@MgO HER, ORR 98 2015 
PtFe@Pt@MgO HER, ORR 99 2018 
PtSn@SiO2 Selective Hydrogenation 101-104 2016-19 
PtZn@SiO2 MOR 105 2017 
 
Table 1.3 IMC Nanocatalysts synthesized through annealing in an oxide shell. 
 
The use of an inorganic shell serves as a hybrid approach that combines some of the 
benefits of supported annealing (increased stability) and colloidal approaches (tunability and 
surface structure control; to be discussed later). However, the shell provides a barrier to catalytic 
activity that must be either porous, which still may introduce diffusion limitations, or etched away. 
This approach is fairly new, so work must be done to expand to new compositions and reactions. 
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Overall, though, this method is highly tunable, with many synthetic handles that creative synthetic 
chemists can use to their advantage – an excellent selling point for future investigations. 
1.4 Bottom-Up Methods 
Rather than applying bulk IMC fabrication principles to the synthesis of NPs, bottom-up 
methods seek to bring the fine control of NP synthesis to IMC construction. Ideally, these methods 
could unleash the full potential of IMC NPs, combining precise atomic composition with 
controlled faceting to mold the entirety of surface reaction sites – a surface composed entirely of 
single atom catalysts, if you will. The realization of this possibility, of course, is rife with 
challenges. The raw thermodynamics that underpins IMC formation is not a natural pair with the 
far-from-equilibrium, highly active shapes that define modern nanocatalysts. Nevertheless, 
progress has been made toward realizing bottom-up IMC NPs. 
1.4.1 Colloidal 
Colloidal methods rely on the rich history of nanoparticle synthesis to reduce metal 
precursors of constituent elements to form NPs with a mixed metallic structure. An annealing step 
is often used to induce atomic diffusion and a disorder-to-order transition, though temperatures are 
often kept mild enough such that no further protection (e.g. anchoring to a support) of the 
nanostructures is required. Simple coreduction to immediately form IMCs is challenging as there 
can be large differences in the reduction potentials of the desired metals that prevents a simple 
nucleation and growth process. 
Schaak and coworkers established the use of colloidal methods to form IMC NPs,110-124 
but, though they synthesized catalytically relevant materials, their application of synthesized IMC 
18 
 
NPs to catalysis was limited. However, many groups have built on their foundational work to 
synthesize nanocatalysts.  
DiSalvo, Abe, and coworkers coreduced Pt(1,5-cyclooctadiene)Cl2 and 
Ti(tetrahydrofuran)2Cl4 with sodium naphthalide in tetrahydrofuran to form small random alloy 
Pt3Ti, which they converted to larger IMC Pt3Ti NPs through 600 °C annealing under vacuum.125 
The ordered catalysts outpaced Pt, Pt-Ru, and their disordered counterparts for the FOR, though 
the authors note that their large size (induced by the relatively high annealing temperature) leaves 
room for improvement of their synthetic method. Saravanan, Abe, and coworkers later found that 
adding dispersed SiO2 supports could serve to anchor the particles during and retain the small Pt3Ti 
IMC NPs, which proved active for the oxidation of CO.126 Ramesh, Abe, and coworkers employed 
the same reducing agent to form Pt3Zr IMC NPs, with different annealing temperatures inducing 
either a cubic or hexagonal crystal structure.127 The hexagonal NPs showed better activity for the 
oxidation of ethanol and formic acid, which was credited to its higher surface energy. DiSalvo and 
coworkers synthesized Pt3Ti and Pt3V using a similar method with KEt3BH in THF, which 
displayed significant enhancement for the MOR relative to pure Pt.128 Though they used relatively 
high annealing temperatures, insoluble KCl served as a matrix that prevented sintering. Their 
method also yielded IMC Pt3Cr NPs, with the best results produced when using annealing 
temperatures below the KCl melting point to reduce sintering, that were highly active for the 
ORR.129 Peter and coworkers likewise used NaBH4 for the coreduction of Pd and Cu to form PdCu 
IMC NPs, with the unsupported ordered structure efficiently oxidizing benzylamine to 
dibenzylimine.130 
Schlogl and coworkers used coprecipitation to synthesize precursor 
Pd0.025Mg0.675Ga0.3(OH)2(CO3)0.15, which, when annealed under H2 at 550 °C, formed Pd2Ga IMC 
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NPs on a porous MgO/MgGa2O4 support that were several orders of magnitude more active for 
acetylene semihydrogenation than bulk Pd2Ga.131 Armbruster and coworkers used LiEt3BH in 
THF as a strong reducing agent and a 185 °C annealing step to form PdGa and Pd2Ga IMC NPs, 
which served as effective catalysts for the semihydrogenation of acetylene, showing enhancement 
over the bulk materials.132 Chen and coworkers synthesized IMC AuCu3 NRs through a seeded 
coreduction strategy and subsequent annealing at 280 °C.133 They found that both shape and order 
had an effect on the reduction of 4-nitrophenol, with activity increasing in the order of disordered 




Figure 1.5 Synthesis and characterization of bimetallic Cu-based nanostructures. (a) Schematic 
illustration of the seeded coreduction strategy for the synthesis of bimetallic Cu-based nanorods. 
(b)  UV–vis–NIR spectra of Cu3Au nanorods with LSPR peaks at 572, 643, 716, and 781 nm as 
aspect ratio increases from 1:1 to 4:1. The insets are the corresponding TEM images. (c) Plot of 
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normalized absorbance (I/I0) of p-nitrophenolate ion at 400 nm as a function of time for different 
catalysts. Adapted with permission from Ref. 133. 
 
Wei and coworkers synthesized NiGa/MgO, CoSn/Al2ZnO4, and NiIn/Al2O3 supported 
IMC NPs by annealing layered double hydroxides, which proved active for the selective 
hydrogenation of several different carbonyl compounds.134-136 Guided by DFT, Li and coworkers 
synthesized colloidal PdIn and Pd3In IMC NPs through polyol and hot injection approaches, 
respectively.137 The PdIn NPs, dried on a MgAl2O4 support, showed high selectivity for the 
semihydrogenation of several alkynes, which was assigned to the isolation of single-atom Pd sites 
in the IMC crystal structure. Peter and coworkers synthesized NixSny-Al2O3 through 
coprecipitation, finding that order and composition could affect furfural hydrogenation, serving as 
handles to tune activity and selectivity based on intermediate adsorption energies.138 Yang and 
coworkers synthesized ordered AuCu nanoparticles through seeded coreduction, altering synthesis 
temperature and time to determine the degree of ordering.139 Increasing atomic order suppressed 
the HER and increased the faradaic efficiency of CO2 reduction. 
 
Composition Catalytic Reaction Ref Year 
Pt3Ti FOR 125, 126 2008,10 
Pt3Zr EOR, FOR 127 2014 
Pt3Ti, Pt3V MOR 128 2014 
Pt3Cr ORR 129 2015 
PdCu Organic Oxidation 130 2017 
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Pd2Ga Selective Hydrogenation 131 2011 
Pd2Ga, PdGa Selective Hydrogenation 132 2011 
AuCu3 Organic Reduction 133 2013 
NiGa, CoSn, NiIn Selective Hydrogenation 134-136 2013-16 
PdIn Selective Hydrogenation 137 2017 
NixSny Selective Hydrogenation 138 2018 
AuCu CO2RR 139 2017 
 
Table 1.4 IMC Nanocatalysts synthesized through colloidal approaches. 
 
Colloidal methods have thus far been the most effective strategy for expanding IMC NP 
catalytic scope, as evidenced by the diversity of their compositions and catalyzed reactions. 
Indeed, it might even be said that more attention should be given to applying colloidal approaches 
to the Pt-based ORR nanocatalysts that dominate other synthesis methods. Future work can, 
however, seek to further enrich the scope of materials and reactions to which colloidal IMC NPs 
are applied. Overall, the colloidal synthesis of IMC NPs has made significant progress over the 
past decade, but a wide array of compositions and geometries remain. 
1.5 Conclusion 
The future remains bright for IMC NPs, with their recent increase in synthetic attention 
yielded nanocatalysts with a wide range of compositions and catalytic applications. Bulk annealing 
offers a route to IMC NPs with complex compositions, with the ordered IMC crystal structure 
allowing for controlled catalysis despite the rough, equilibrium NP shapes generated. Future work 
should be done to focus on expanding the compositional and catalytic scope of IMC NPs 
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synthesized through bulk annealing, with synthesized structures serving to identify new targets for 
other synthetic methods. Annealing on a support already has served as a path to a wide array of 
IMC nanocatalysts. Though some diversity exists, work is still needed to increase the number of 
IMC NPs that are Pt-based ORR catalysts. Annealing in an inorganic shell has combined supported 
and colloidal methods to yield a synthetically tunable showground for the study of IMC formation 
and its application to catalysis, but this nascent field must move beyond the few identified 
compositions and reactions. Colloidal methods have only begun to scratch the surface of the rich 
alloy and single-metal approaches that have profoundly impacted modern catalysis. Overall, 
though, the past 15 years has seen the rise of IMC NPs to the forefront of nanocatalysis. Their 
promise is clear, and intelligent research directions continue the march toward generating a set of 
a design rules for the creation of atomically-controlled, made-to-order nanocatalysts. 
The understanding of the nanocrystal surface and its impact on catalysis is fundamental to 
the work presented in the following chapters. Chapter 2 presents the synthesis of a layered core-
shell nanostructure that serves as an arena for the study of the fundamental processes involved 
nanoscale metallic mixing. Combined with theoretical analysis, this work provides the first step in 
a route toward shape-controlled IMC nanocatalysts. Chapter 3 discusses the fabrication of core-
alloyed shell NPs that allow for the identification of the degree of lattice strain at the NP surface. 
Chapter 4 builds on the previous two chapters to discuss how the two methods can be applied to 
catalysis. Overall, the understanding presented herein represents a brick in the foundation of the 
construction and application of multimetallic nanocatalysts. 
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Strain-Enhanced Metallic Intermixing in Shape-Controlled Multilayered Core-
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Controlling the surface composition of shaped bimetallic nanoparticles could offer precise 
tunability of geometric and electronic surface structure for new nanocatalysts. To achieve this goal, 
we design a platform for studying the intermixing process in a shaped nanoparticle, using 
multilayered Pd-Ni-Pt core-shell nanocubes as precursors. We find that, under mild conditions, the 
intermixing between Ni and Pt could be tuned by changing layer thickness and number, triggering 
intermixing while preserving nanoparticle shape. Intermixing of the two metals is monitored using 
transmission electron microscopy. DFT calculations suggest that the low-temperature mixing is 
enhanced by shorter diffusion lengths and strain introduced by the layered structure. The platform 
and insights presented here represent an advance toward the realization of shape-controlled 
multimetallic nanoparticles tailored to each potential application. 
2.2 Introduction 
Nanomaterial design has increasingly focused on developing highly active and stable 
catalysts for chemical transformations.1-9 Platinum group metals are particularly active for a 
diverse set of reactions, but they are expensive and susceptible to surface poisoning. By 
incorporating nonprecious metals, catalyst cost can be lowered and performance can be 
improved.10-16 The degree of intermixing between the metals has recently been shown to 
dramatically affect catalyst performance, but the mechanism of mixing is not well understood.2, 17-
18 Thus, we aim to study the intermixing process and clarify its effect on catalysis. 
Among alloys, the compositions that form intermetallic compounds (IMCs) have attracted 
recent attention because, in these cases, intermixing is thermodynamically favored and surface 
structure is well-defined.19-21 Generally, IMCs are crystalline alloys composed of two or more 
metallic/metalloid elements with specific stoichiometry and long-range order. More robust and 
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resilient to etching,22-24 these atomically ordered structures offer unique properties, including 
shape-memory,25-26 hydrogen storage,27-28 and superconductivity.29-31  
Further, their tunable surface electronic structures19-21 allow their adsorption and 
desorption properties to be tailored to specific chemical reactions. In previous work, bulk IMCs 
have been extensively studied.32-34 More recent studies have focused on IMC nanoparticles (NPs) 
for their tailorable geometries, electronic surface structures and molecular adsorption properties.35-
43 The kinetics of solid-state intermixing to form IMCs, however, has received little attention. 
We note three approaches to the formation of IMC NPs.38, 44 The first is a top-down 
synthesis method, where particles are formed by the mechanical alloying of mixed metallic 
powders through ball milling and annealing to form IMC phases.43 The size and shape of particles 
synthesized by these methods cannot be controlled, and no information can be gained on the 
nanoscale intermixing process. The second is direct, bottom-up synthesis by wet-chemistry 
methods. Shaped IMC NPs have been generated using this method,45-46 but the need to precisely 
and simultaneously control the deposition rates of the chosen metals makes extending their scope 
and understanding their formation kinetics challenging. The third reported strategy involves 
synthesizing alloyed or heterostructured bimetallic NPs (e.g. core-shell or dimer) by wet-chemistry 
and then converting these NPs to the intermetallic phase through intermixing triggered by thermal 
annealing at high temperatures.47 While promising, intermixing under these harsh conditions 
degrades the NP, generally through sintering and reshaping, preventing the study of intermixing 
in a specific geometry. The resulting indistinct particle shapes can further convolute catalytic 
results due to inconsistencies in size, shape/faceting, and surface composition, making the 
fundamental study of the catalyst surface or active sites difficult. In this work, we aim to optimize 
this third approach because we believe that intermixing, taking place in well-controlled nanoscale 
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geometries, offers the best opportunity to understand the shape-dependent formation kinetics of 
IMC phases, which could, in turn, lead to a general synthesis scheme for shaped IMC NPs. 
 
 
Figure 2.1 Schematic representation of the conversion process to mixed shell structures through 
atomic diffusion. 
 
Since the solid-solid inter-diffusion of metal atoms to form ordered intermetallic structures 
is the greatest contributor to the need for high annealing temperatures,48-50 we focus on lowering 
the effective diffusion barriers, which we hypothesize can be reduced by the use of strained 
metallic layers of reduced thickness. Moreover, varying the layer thickness could allow us to test 
the effect of these variables on metallic mixing. Structures with a higher number of thinner layers 
(and thus higher strain and shorter diffusion lengths), we hypothesize, should show mixing at lower 
temperature than those with fewer, thicker layers. Previously, our group developed defined 
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overgrowth methods for well-controlled core-shell NPs using mild aqueous phase systems.12-13, 51 
During these syntheses, variables such as substrate size and shape, layer thickness and 
compositions, and layer number could be controlled. Notably, our Pd-Ni-Pt system13 stands out as 
an interesting candidate for the study of intermetallic formation, as the incorporation of Ni into Pt 
NPs has been shown to increase catalytic activity towards small molecule redox reactions.11, 47, 52-
53 This well-defined platform serves as an ideal arena to study intermetallic formation, because 
this controlled, layered structure allows for a simple mixing process that can be easily 
characterized compared to other systems, such as alloy nanoparticles (Figure 2.1). The Pt-Ni 
system offers several advantages. The fcc nature of Ni, Pt, and the mixed Pt3Ni and PtNi3 phases 
simplifies the analysis of mixing. Further, Pt-Ni intermetallics have shown catalytic activity that 
is dependent on surface faceting, which will allow us to use catalysis as a probe of surface 
structure.54 
2.3 Characterization of Pd-Ni-Pt and Pd-(Ni-Pt)2 
Herein, we focus on the PtNi3 system as it has the highest loading of the nonprecious metal, 
Ni, relative to the precious metal, Pt. To maintain a bimetallic and more easily studied system, the 
core particle used to direct the shape of the NPs should be inert to the layer above it. For this 
reason, the Pd core was chosen; Pd and Ni are not known to form stable IMC phases under mild 
annealing temperatures. We have performed DFT analysis to support this hypothesis, which will 
be discussed in detail below. Further, our experimental results show that the outer shell maintains 
a consistent thickness despite annealing, indicating limited diffusion between the core and shell. 
By intermixing the multilayered shell of defined core-shell structures, we can begin to construct a 






Figure 2.2 TEM images of Pd nanocubes used as substrates for layered overgrowth. 
 
Figure 2.2 shows transmission electron microscopy (TEM) images of the cubic Pd NPs 
used for the core of the layered structure. They are found to be ~30 nm in edge length. 
Representative (TEM) images of the Pd-Ni-Pt (a and c) and the Pd-(Ni-Pt)2 (b and d) core-
multilayered shell NP precursors can be seen in Figure 2.2. Synthesis details are outlined in the 
Materials and Methods section. Mapping by energy dispersive x-ray spectroscopy (EDX) clearly 
shows Pd located in the core cube with Ni and Pt layered in the shell. Each layer shows epitaxial 
overgrowth, even with the high interfacial energy and strain associated with the metal boundary 
between the highly mismatched (~10%) lattices of Ni and Pt. This induced strain should contribute 
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to a lower effective diffusion barrier facilitating metal-metal migration, particularly through the 
open (100) facet (which dominates the surface of our cubic NPs). Calculations for the expected 
thickness of the metallic layers were performed based on atomic ratios, obtained through 
inductively coupled plasma optical emission spectroscopy (ICP-OES, Table 2.1).  
 
 
Figure 2.3 Transmission electron microscopy images of the as-synthesized nanoparticles. (a) Pd-
Ni-Pt samples at low magnification with the inset showing a single precursor particle and (b) Pd-
(Ni-Pt)2 samples at low magnification with the inset showing a single precursor particle. (c and d) 
High magnification images of the Pd-Ni-Pt and Pd-(Ni-Pt)2 particles, respectively, with the lighter 
Ni phase “sandwiched” between the darker Pd and Pt phases. (e and f) Energy dispersive x-ray 
mapping of the Pd, Ni, and Pt phases showing the Pd core and Ni and Pt surface layers; scale bars 




Sample Ni Pt 
Pd-Ni-Pt 3.2 1.0 
Pd-(Ni-Pt)2 2.6 1.0 
 
Table 2.1 Ni:Pt molar ratios calculated form ICP-OES analysis. For Pd-(Ni-Pt)2, the Ni and Pt 
content are a combination of alternating sandwich layers. 
 
By TEM, the base Pd cube is found to be ~30 nm in edge length and the final layered 
structure, either two- or four-layered, is ~35 nm in edge length. Lattice constants of 352.4 pm and 
392.42 pm were used for Ni and Pt, respectively. For the Pd-Ni-Pt particles, layers of 3.6 nm and 
1.4 nm were found respectively for the Ni and Pt (3.52 and 1.43 were measured by TEM). The 
calculation for the four-layered particles assumed that both shell layers were of equivalent 
thickness for each metal. Based on this assumption, thicknesses of 1.7 nm and 0.8 nm (1.78 nm 
and 0.77 nm were measured by TEM) were found for Ni and Pt, respectively. These values are 




Figure 2.4 Normalized Pd-(Ni-Pt)x CO-DRIFTS spectra showing a shift in the energy of the 
characteristic C-O stretching peak. A larger shift in energy is seen for the thicker-layered Pd-Ni-
Pt than the thinner-layered Pd-(Ni-Pt)2. 
 
To test the surface electronic structures of these two samples, we carried out diffuse 
reflectance infrared spectroscopy using adsorbed CO (CO-DRIFTS) (Figure 2.4).55-56 In each case, 
the NPs are supported on SiO2. For pure Pt NPs, a characteristic C-O stretch is seen around 2087 
cm-1, corresponding to CO adsorbed atop a Pt atom.57-58 When the thicker Ni layer is introduced 
below the Pt surface (Pd-Ni-Pt), a large shift in the C-O peak to 2057 cm-1 is observed. This shift 
indicates that the Ni layer has indeed significantly impacted the surface Pt layer. With the thinner, 
alternating Ni and Pt layers (Pd-(Ni-Pt)2), the peak shifts to 2075 cm-1. This shift clearly indicates 
that the two layer thicknesses impact the surface differently, but it is challenging to interpret the 
trend in the shifts, which depends largely on two factors: the ligand effect and lattice strain. In the 
first case, Ni has a Fermi level energy of 9.46 eV while the Fermi level of Pt sits at 8.79 eV.59 As 
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such, charge is transferred from the inner Ni layer to the outer Pt layer, shifting the C-O stretch 
frequency.60 In the latter case, introduced strain from Ni is compressive, due to its compact lattice, 
which increases orbital overlap and again shifts the C-O stretch frequency. A fundamental 
understanding of these two processes suggests that both should cause the d-band center to shift in 
the same direction (to lower energy). It is thus not straightforward to explain how these two factors 
lead to the observed shifts. As such, we simply claim that the shift in the DRIFTS peak suggests 
that the layered structures have introduced structural differences. 
2.4 TEM Analysis of Metallic Intermixing 
Mixing of the layered structures was performed by drying the NPs on a carbon substrate 
and annealing them in a tube furnace under nitrogen. More details can be found in the Materials 
and Methods section. The surface of the mixed NPs generally retains its parent faceting and 
remains single crystalline (Figure 2.5). To more quantitatively track the degree of mixing for each 
temperature, high-resolution TEM (HRTEM) images were taken to study the change in lattice 
parameter through the different layers of the NP (Figure 2.6). Additionally, an ordered pattern 
associated with IMC can be seen in some parts of the particle in Figure 2.6(a), corresponding to 
the L12 crystal structure adopted by PtNi3 with bright Pt atoms on the corners and darker Ni atoms 
on the six faces of the cubic structure. The few atomic layers directly below the NP surface, 
however, seem to show consistent brightness, which we attribute to fcc Pt and suggests mixing has 
not progressed throughout the entire shell layer. A Ni:Pt ratio of 3:1 further agrees well with our 
initial precursor concentrations and ICP-OES analysis. For the Pd-(Ni-Pt)2 system, the image 
shown is taken from the [110] direction. From that perspective, the shell shows the L12 crystal 
structure layers of contrasting brightness. This pattern indicates intermixing and formation of the 





Figure 2.5 Representative Pd-(Ni-Pt)x selected area electron diffraction images of (a) Pd-Ni-Pt and 
(b) Pd-(Ni-Pt)2 after calcination, reinforcing their single-crystallinity. 
 
 
Figure 2.6 Representative high-resolution TEM images of (a) Pd-Ni-Pt and (b) Pd-(Ni-Pt)2 after 
annealing at 400 °C. Energy dispersive x-ray images of Pd-(Ni-Pt)2 (c) before and (d) after 
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annealing, showing the core Pd cube and the mixing of the outer layers. Scale bars are 10 nm. 
Scale bars are 2 nm. 
 
For a more systematic understanding of the intermixing process, we have analyzed the 
lattice spacings of several (>10) particles at each annealing temperature, with the results 
summarized in Figure 2.7. For pristine Pd, Ni, and Pt, the d-spacing measurements in the [200] 
direction are 0.1945 nm, 0.1760 nm, 0.1960 nm, respectively. With the migration of the metal 
atoms, the lattice spacing is expected to change due to the different lattice constants. The larger Pt 
lattice will compress due to epitaxy with and incorporation of Ni while Ni will expand. Once 
completely mixed and stable, the lattice measurements throughout the mixed shell should be the 
same. For the ideal PtNi3 phase, the lattice spacing in the [200] direction is ~0.1875 nm. We chose 
this composition based on the initial precursor concentrations of 3:1 Ni:Pt. The ICP-OES data 
presented in Table 2.1 reinforces this ratio of Ni to Pt in the synthesized NPs. Figure 2.7 shows a 
graphical representation of the changes in the lattice parameters from the Pt shell down to the Pd 
core. It should be noted that, due to thinner metallic layers in the Pd-(Ni-Pt)2 system, both Pd-Ni-
Pt and Pd-(Ni-Pt)2 NPs have similar overall size, so we do not believe particle size is a contributing 
factor in mixing. At 200 °C a clear difference can be seen between the mixing in the two structures. 
The four-layered, strained structure shows mixing initiated at the Ni/Pt interfaces, while clear, 
separated Ni and Pt layers are seen in the two-layered structure. At 300 °C, the four-layered 
structure begins to approach full mixing and the two-layered shows the beginning of it at the Ni/Pt 
interface. At 400 °C, the shell of Pd-(Ni-Pt)2 is fully mixed, while Ni and Pt layers are still visible 
in Pd-Ni-Pt. Overall, this analysis reinforces our idea that reduced diffusion lengths and increased 





Figure 2.7 Lattice spacing measurement of Pd (red), Ni (grey), Pt (gold), and intermixed layered 
(purple) NPs. The intermixing is more pronounced at lower annealing temperatures for four-
layered samples compared to the two-layered sample. 
 
These quantitative data agree well with our post-annealing characterization by EDX 
(Figure 2.6). Full mixing can be seen throughout the outer shell layers of the Pd-(Ni-Pt)2 NPs after 
annealing at 400 °C. Similarly complete mixing of Pd-Ni-Pt requires annealing at 500 °C, which 
induces some surface reshaping (Figure 2.8), reinforcing the benefits of the several thin layers in 
the Pd-(Ni-Pt)2 structure. Importantly, the Pd cube is clearly visible in the core of the mixed 
particle. This supports our hypothesis that Pd will not migrate into the shell layers at the mild 





Figure 2.8 EDX analysis of the Pd-Ni-Pt NP after annealing at 500 °C showing the mixed outer 
shell and some surface deformation. 
 
We have also carried out x-ray diffraction (XRD) (Figure 2.9). The information on 
intermixing gained from XRD analysis is limited in our system due to the thinness of the shell 
layers. The Pd cores dominate the majority of the XRD spectrum. We are, therefore, unable to 
observe the emergence of a peaks corresponding to the PtNi3 phase, though we do see a 
disappearance of the characteristic Ni peak upon annealing. Clear peaks are seen for both Pd-Ni-
Pt and Pd-(Ni-Pt)2 NPs around 40° and 47°, attributed to the Pd and Pt in the sample but likely 
dominated by the Pd cube. A peak around 44.5° can be seen for the thicker Ni layer in the Pd-Ni-
Pt NPs, which is attributed to the [111] reflection of Ni. After annealing of the Pd-(Ni-Pt)2 NPs, 
no new peaks are seen, although the peak for the [111] Ni reflection is fully attenuated. The 
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broadness of the peaks is likely due to the thinness of their layers, per the Scherrer effect. All 
attributions are based on data from the Inorganic Crystal Structure Database. 
 
 
Figure 2.9 XRD analysis of Pd-Ni-Pt and Pd-(Ni-Pt)2 before and after annealing at relevant full-
mixing temperatures. 
 
2.5 Theoretical Analysis of Metallic Mixing 
Next, we discuss theoretical insights into energetics relevant to this lower-temperature 
intermixing in this system using Density Functional Theory (DFT) analysis contributed by our 
collaborators Prof. James W. Evans and Dr. Yong Han. A detailed description of the DFT analysis 
is provided in the materials and methods section. An overview is given here. As a preliminary 
analysis, using the PBEsol functional, the results support our hypothesis that intermixing of Ni and 
Pt to form Ni3Pt is thermodynamically favored by 0.27 eV (per 3 Ni + 1 Pt), but intermixing of Ni 
and Pd to for Ni3Pd is disfavored by 0.13 eV (per 3 Ni + 1 Pd). We have also checked that 
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intermixing of Ni with Pt is favored, and with Pd is disfavored, for other stoichiometries. 
Regarding the kinetics of intermixing, we first performed a benchmark analysis for the vacancy-
mediated diffusion of Ni in bulk Pt. Here, a vacancy diffuses through Pt to a site adjacent to the 
Ni impurity, thereby allowing Ni to hop to that adjacent site. The effective barrier, Eeff, for such a 
process is the sum of a barrier for an atom hopping into an adjacent vacancy, Edv, and a formation 
energy for creating the vacancy, Efv.61 Nuances are described below and in previous work.62 Here, 
we only report results from the PBEsol functional, which has been shown to be reliable for vacancy 
diffusion.63 For the diffusion of Ni in Pt, the barrier for the Ni impurity to hop into an adjacent 
vacancy is found to be Edv = 0.93 eV (versus Edv = 1.4 eV for a Pt atom to hop into an adjacent 
vacancy in Pt). Thus, diffusion of the vacancy through Pt to reach a site adjacent to the Ni impurity 
(rather than the hopping of Ni into the vacancy) is the rate-controlling step. Consequently, the 
higher Edv = 1.4 eV determines Eeff. The formation energy for a vacancy next to a Ni impurity in 
Pt is Efv = 0.94 eV (versus Efv = 0.84 eV for formation of a vacancy in pure Pt), and the former 
higher value determines Eeff. However, DFT underestimates Efv due to so-called “surface intrinsic 
error”, so, guided by previous analysis for pure Pt,61 we use Efv = 1.2 eV (rather than 0.94 eV) to 
obtain Eeff  1.4 + 1.2 = 2.6 eV for Ni diffusion in Pt. The corresponding effective rate for hopping 
of the Ni impurity, assuming an Arrhenius form with a typical prefactor of 1013/s is about 10-6.5/s 
at 400 °C, too low for effective intermixing on the experimental timescale. 
However, motivated by the proposed importance of strain effects in intermixing, we 
consider the effect of compressive Pt strain,  < 0, on Efv, and Edv. (Recall that epitaxy at the Ni-
Pt interface within the NP, as well as Ni incorporation into Pt, should induce compressive strain.) 
Significantly, we find a strong decrease in the vacancy formation energy, Efv, with increasing strain 
magnitude, ||, for triaxial strain, and, in fact, Efv vanishes when || increases to only 2% (Figure 
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2.10). A weaker decrease occurs for biaxial strain. On the other hand, Edv increases with || to 1.2 
eV (1.7 eV) for Ni (Pt) hopping into a vacancy where || = 2% for triaxial strain (with a lesser 
increase for biaxial strain). Assuming that compressive strain makes Efv negligible, then Eeff  Edv 
 1.7 eV. Then, the effective hop rate for the Ni impurity is about 2/s at 400 °C, which is 
sufficiently high for effective intermixing. 
 
 
Second, we briefly consider the vacancy-mediated diffusion of Pt in bulk Ni (Figure 2.11). 
PBEsol predicts that Edv = 1.4 eV (1.2 eV) for a Pt (Ni) atom to hop into an adjacent vacancy in 
Ni. PBEsol also predicts that Efv = 1.5 eV for vacancy formation next to a Pt impurity in Ni and 
Efv = 1.6 eV in pure Ni (which might be increased by ~0.2 eV accounting for surface intrinsic 
error). Thus, we conclude that Eeff  1.4 + 1.8 = 3.2 eV, too high for this intermixing process to be 
effective. Additional studies to explore the effect of tensile strain on Ni (induced by epitaxy at the 
Figure 2.10 Vacancy formation energies in fcc Pt. (a) Efv(v in Pt) and (b) Efv(Ni+v in Pt) versus 
(compressive) strain  from our PBEsol calculations. 
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Ni-Pt interfaces and Pt incorporation in Ni) reveal that Efv actually increases with strain (at least 
up to ~6%). Although Edv increases somewhat, there is no net decrease in Eeff. Thus, we conclude 
that intermixing in the Ni-Pt system is asymmetric and associated with strain-enhanced diffusion 
of Ni into Pt, rather than by Pt diffusion into Ni. 
 
 
 In sum, the theoretical analysis suggests that the mixing process is largely one-directional, 
with Ni diffusing into Pt to form the mixed outer shell structure. It also suggests that strain plays 
a crucial role in the fundamental energetics of mixing. The compressive strain introduced into the 
Pt layer by the subsurface Ni reduces the barrier to vacancy formation, allowing mixing to occur 
at temperatures lower than for the two bulk metals. This reduced mixing temperature is 
fundamental to the platform introduced here, which seeks to induce mixing at annealing 
temperatures that preserve nanoparticle shape. 
 
Figure 2.11 Vacancy formation energies in fcc Ni. (a) Efv(v in Ni) and (b) Efv(Pt+v in Ni) versus  




In conclusion, we have used a variety of techniques to investigate metallic mixing on the 
nanoscale. Through TEM and HRTEM analysis, we have shown that atomic diffusion is dependent 
on the thickness of the layers that make up the mixing metals. Through CO-DRIFTS, we have 
shown that our shell layers increase strain on the outer Pt surface, which DFT calculations suggest 
is essential for low-temperature metallic mixing. Overall, the insight gained represents an 
important step toward the development of shape-controlled bimetallic and IMC NPs. In the future, 
our platform can be extended to more exotic crystal structures beyond the fcc, d-block metals 
presented here, with an eye toward the ultimate goal of generating a set of design rules for the 
synthesis of nanocatalysts with custom-made geometric and electronic surface structure. The 
impact of the identified nanoscale mixing and resulting surface structure will be discussed in detail 
in Chapter 4. 
 
Materials and Methods 
Materials 
Nickel (II) chloride hexahydrate (NiCl2·6H2O), potassium tetrachloroplatinate (II) (K2PtCl4), 
palladium (II) chloride (PdCl2), L-ascorbic acid (AA, 99%), sodium iodide (NaI, 99.5%), and 
potassium hydroxide (KOH) were all obtained from Sigma-Aldrich Co., LLC. Hydrazine 
monohydrate (N2H4·H2O, 98%) was purchased from Alfa Aesar. Cetyltrimethylammonium 
bromide (CTAB, 99%) was bought from Calbiochem. Ammonia borane (AB, 95%) was obtained 
from GFS Organic Chemicals and methanol (CH3OH, 99.8%) was purchased through Acros 
Organics.  Ultrapure distilled and deionized water (18.2 MΩ) was utilized in all experiments. 
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Nitrogen gas (N2, UHP300) was obtained from Airgas. All reagents were used as received unless 
otherwise stated. 
Synthesis 
Pd-Ni-Pt Cubes: Cubic Pd substrates (~30 nm) were prepared according to our previous work64. 
0.05 g of CTAB was dissolved in 10 mL of DI water via sonication in a 20 mL glass vial. 500 µL 
of a concentrated Pd nanocube solution (containing Pd cubes from eight reactions, redispersed in 
5 mL of water) was added to the vial, which was gently swirled. 300 µL of 0.01 M NiCl2 were 
added as Ni2+ ion source and 500 µL of 1.0 M hydrazine were added as reducing agent. The vial 
was swirled, capped, and left unstirred for ~2 h in an oil bath set to 50 °C. The appearance of small 
particulates in the reaction solution indicated completed overgrowth. The vial was then removed 
from the bath and briefly sonicated. 100 µL of 0.01 M K2PtCl4 were added as Pt2+ ion source. The 
solution was returned to the oil bath, still at 50 °C, and left unstirred for ~30 min. The Pd-Ni-Pt 
nanoparticles were collected via centrifugation at 4000 rpm and washed three times with water. 
Pd-(Ni-Pt)2 Cubes: To create the Pd-(Ni-Pt)2 samples, the initial amount of Ni precursor added 
was 150 µL and that of Pt was 50 µL. Prior to centrifugation, the same procedure was performed 
as was used to reduce down the layer of Ni and subsequent layer of Pt. These samples were then 
collected via centrifugation at 4000 rpm and washed three times with water.  
Deposition of Nanoparticles on Vulcan Carbon Support. 3.25 mg of carbon was added to the 
collected nanoparticles dispersed in ~1 mL of DI water. The carbon and nanoparticle mixture was 
sonicated for about 5 min. Sonicating for longer led induced carbon coverage of the nanoparticle 
surface, decreasing catalytic surface area. The vial was then capped with a rubber septum and 
moved to an oil bath at 90 °C. The particles were dried overnight under nitrogen flow and removed 
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from the oil bath. The same method was used to form both nanoparticle/carbon composites (Pd-
Ni-Pt/C and Pd-(Ni-Pt)2/C). 
Annealing of Pd-(Ni-Pt)x/C. The dried samples were added to a porcelain boat and calcined in a 
Lindberg/Blue M TF55030A-1 tube furnace at a ramp rate of 5 °C/min under nitrogen flow. Once 
to temperature (200-600 °C), the samples were held at the constant temperature for 1 h then 
allowed to cool immediately. 
Characterization 
Transmission Electron Microscopy: For analysis by transmission electron microscopy (TEM), 
the samples were washed three times in water by centrifugation at 4,000 rotations per minute. Once 
washed three times, the samples were concentrated to ∼500 μL. From this solution, 10 μL was 
dropcast directly onto a carbon-coated copper grid (Ted Pella Inc., Formvar/Carbon 200 mesh, 
Cu); for the calcined samples, they were dropcast onto silicon oxide-coated gold grids (SPI 
Supplies, holey silicon oxide, Au). TEM characterization was run using a JEOL JEM2010F 
accompanied with EDX attachment operated at 200 kV.  
X-Ray Diffraction: For analysis by XRD, particles were concentrated in 20 μL of ink solution 
then dropped on a thin glass slide and allowed to dry; for the calcined samples, a silicon chip was 
used as the substrate. A Bruker AXS D2 Phaser diffractometer was used for the XRD 
characterization. 
Inductively Coupled Plasma-Optical Emission Spectroscopy: Analysis by ICP-OES 
measurements were performed by the following. Multi-element standard solutions for ICP-OES 
of 100 μg/mL of Pt, Pd, and other elements were purchased from Inorganic Ventures. Trace metal 
grade 70 % (w/w) nitric acid, 37 % (w/w) hydrochloric acid, and 49 % (w/w) hydrofluoric acid 
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were purchased from Fisher Scientific. ICP-OES data were acquired using an Agilent 5100 VDV 
spectrometer equipped with an HF-resistant sample introduction system. Concentrations were 
determined by external calibration with three points for ca. 1, 10, and 100 μg/mL of each element. 
Multi-element standard solutions of 100 μg/mL of Pt, Pd, and other elements in a 4.3 %(w/w) HCl 
matrix were used to prepare the 10 and 1 μg/mL standards volumetrically by dilution with identical 
matrices.  
Detailed Description of DFT Analysis 
Section 1. DFT Benchmarking and Bulk Alloy Thermodynamics 
DFT calculations are performed by using the Vienna Ab Initio Simulation Package 
(VASP)65. For the electron-core interactions, we use the projector-augmented-wave (PAW) 
pseudopotentials66, which were generated and released in 2013 by the VASP group. For Ni, Pt, 
and Pd metals as well as their alloys, we use Perdew-Burke-Ernzerhof (PBE) generalized-gradient 
approximation (GGA)67, and also PBE GGA for solid state and surface systems (PBEsol GGA)68 
for purposes of comparison. Spin-polarization effects have been considered in all DFT 
calculations. The Γ-centered k mesh depends on the system to be analyzed, as specified below. 
The energy convergence is reached by setting any component of force exerted on each atom is not 
greater than 0.1 eV/nm. The energy cutoff is set to be 400 eV for any system in this work. 
We first calculate lattice constants, cohesive energies, and magnetic moment of three pure 
fcc metals (Ni, Pt, and Pd) to assess the effectiveness of our DFT method described above by 
comparing with experimental data. In these calculations, we always use a fcc primitive cell and 
the k mesh of 61 × 61 × 61. The cohesive energy is calculated from 𝐸coh = 𝐸gas − 𝜎bulk, where 
𝜎bulk is the energy per atom in the primitive cell, and 𝐸gas is the energy of one atom in the gas 
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phase. As can be seen from Table 2.2, the lattice constants, cohesive energies, and magnetic 
moment from both PBE and PBEsol calculations have overall agreement with experimental values. 
For fcc Ni, both lattice constant and cohesive energy from PBE are better (closer to the 
experimental value) than PBEsol, but magnetic moment from PBEsol is slightly better than PBE. 
For fcc Pt or Pd, the PBEsol value of lattice constant is better than the PBE value, but the cohesive 
energy from PBE is better than PBEsol. Both PBE and PBEsol predict no magnetism for fcc Pt, 
and therefore it is consistent with experiment, but not consistent for fcc Pd. This inconsistency of 
magnetic moment from GGA for fcc Pd has been noted previously69, 70. However, our test shows 
that the contribution to the energy per Pd atom from the magnetism is below 1 meV. Also 
considering the cancellation of such contributions in an energy difference for a system including 
Pd, one can neglect the artificial magnetic contribution, and therefore the results from PBE or 
PBEsol calculations is still reliable for total-energy analyses (not for studying magnetism). Thus, 
in this work, we choose PBE and PBEsol functionals. In fact, the lattice constants calculated from 
both functionals for the Ni-Pt alloys (Ni3Pt, NiPt, and NiPt3) are also in excellent agreement with 
available experimental data, as listed in Table 2.3. 
 
System Method 𝑎 (nm) 𝐸coh (eV) 𝑚 (𝜇B) 
Ni PBE 0.3518 4.787 0.6270 
 PBEsol 0.3462 5.457 0.6166 
 experiments 0.35239a 4.44b 0.6060c 
Pt PBE 0.3968 5.489 0.0000 
 PBEsol 0.3916 6.405 0.0000 
 experiments 0.39160d 5.84b 0.0000 
Pd PBE 0.3944 3.743 0.3377e 
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 PBEsol 0.3874 4.471 0.2124e 
 experiments 0.38893f 3.89b 0.0000 
 
Table 2.2 Calculated lattice constants (𝑎), cohesive energies (𝐸coh), and magnetic moments (𝑚). 
For fcc metals (Ni, Pt, and Pd) from our DFT calculations with PBE and PBEsol functionals, 
compared with experimental values. A bold font represents a value closer to the experimental data 
in the two values from PBE and PBEsol calculations. aAt 25 °C71. bRef. 72. cRef. 73. dExtrapolated 
to 0 K74. ePBE or PBEsol GGA cannot reproduce nonmagnetic property of pure fcc Pd69, 70. fAt 
room temperature75. 
 
Next, we consider the thermodynamic propensity for alloy formation of Ni and Pt versus 
Ni and Pd. We analyze potential alloy formation for three different stoichiometries: Ni3X, NiX, 
and NiX3, where X = Pt or Pd.  Crystal structures for these alloys are selected to correspond to 
CuAu for NiX, and Cu3Au for the other cases. We determine the formation energy (or intermixing 
energy), Emix, which corresponds to the energy change between an initial state of separated metals 
and a final alloyed state. The energy change is given per appropriate pair or quartet of atoms: 3Ni 
+ 1X for Ni3X, 1Ni + 1X for NiX, and 1Ni +3X for NiX3. Note that the formation energy for a 
bulk multicomponent material from the DFT calculation is often compared with its corresponding 
standard formation enthalpy76, which can be experimentally measured at the standard pressure of 
100 kPa and a specified temperature (usually 298.15 K). Results shown in Table 2.2 reveal 
negative formation energies for all Pt + Ni alloys (i.e., intermixing is thermodynamically 
preferred), but positive for all Ni + Pd alloys (i.e., intermixing is disfavored). Why the 3d-5d 
compounds (CuAu and NiPt) are stable, whereas the 3d-4d compounds (CuAg and NiPd) are not, 
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has been analyzed by Wang and Zunger77. Here we show that, besides the NiX phases, the Ni3X 
or NiX3, phases still follow this rule. The physical origin of this behavior has been attributed to 
relativistic effects78. In these calculations, we use the primitive cells corresponding to CuAu or 
Cu3Au structure and the k mesh is always taken to be 61 × 61 × 61. Incidentally, we also note the 
magnetism predicted from our DFT calculations for all these alloys, as listed in Table 2.2.  
 
Section 2. DFT Results for Vacancy Formation Energies and Hopping Barriers Relevant 
for Intermixing 
System Prototype structure  Method 𝑎 (nm) 𝑐 (nm) 𝑚 (𝜇B) 𝐸mix (eV) 
NiPt CuAu PBE 0.3843 0.3629 1.0613 -0.193 
  PBEsol 0.3791 0.3571 1.0033 -0.177 
  experiment 0.3823a 0.3589a   
Ni3Pt Cu3Au PBE 0.3655  2.4614 -0.288 
  PBEsol 0.3599  2.2789 -0.265 
  experiment 0.36515a    
NiPt3 Cu3Au PBE 0.3875  1.1230 -0.272 
  PBEsol 0.3823  1.0172 -0.256 
  experiment 0.385a    
NiPd CuAu PBE 0.3833 0.3607 1.0854 +0.057 
  PBEsol 0.3764 0.3557 1.0559 +0.067 
Ni3Pd Cu3Au PBE 0.3644  2.3823 +0.114 
  PBEsol 0.3585  2.3355 +0.126 
NiPd3 Cu3Au PBE 0.3857  1.7010 +0.100 
  PBEsol 0.3791  1.5560 +0.116 
 
Table 2.3 Alloy lattice constants (𝑎 and 𝑐, or 𝑎), magnetic moments (𝑚) per unit formula, and 
formation energies (𝐸mix). For NiPt, Ni3Pt, NiPt3, NiPd, Ni3Pd, and NiPd3, from our DFT 





For analysis of vacancy-mediated diffusion of Ni through unstrained and strained bulk Pt, 
we determine both the formation energy, Efv(v in Pt), for a vacancy in pure bulk Pt, and also the 
refined formation energy, Efv(Ni+v in Pt), of a vacancy next to a single Ni impurity in bulk Pt. In 
addition, we determine the activation barrier, Edv(v in Pt), for a Pt atom to hop to an adjacent 
vacancy in pure Pt, and the barrier, Edv(Ni+v in Pt), for a Ni impurity to hop to an adjacent vacancy 
in Pt. In these calculations, we always use a cubic unit cell of 4 × 4 × 4 (in units of fcc lattice 
constant a for cell lengths) and the k mesh is always taken to be 5 × 5 × 5. Below, we show results 
from the most appropriate analysis where Pt atoms are fully relaxed (rlx). However, for 
comparison, we also show results where they are fixed at their bulk fcc positions (fix), thereby 
allowing assessment of the effect of relaxation. 
To determine the conventional vacancy formation energy, Efv(v in Pt) in pure fcc Pt, the 
standard procedure is as follows. One evaluates the total energy Evac for a periodic supercell of N 
fcc sites where N - 1 sites are populated by metal atoms, and one site is a vacancy. If Ebulk denotes 
the total energy of the same cell populated with N metal atoms, then one has that Efv(v in Pt) = 
Evac - (N - 1)Ebulk/N. To determine the less conventional Efv(Ni+v in Pt), we calculate the total 
energy Evac(Ni in Pt) of a supercell of N fcc sites with N - 2 sites occupied by Pt, one site occupied 
by Ni, and one vacancy adjacent to the Ni. We also determine the total energy Ebulk(Ni in Pt) of a 
supercell of N fcc sites with N - 1 sites occupied by Pt and one site occupied by Ni. Then, together 
with Ebulk for pure Pt mentioned above, one has that Efv(Ni+v in Pt) = Evac(Ni in Pt) + Ebulk/N - 
Ebulk(Ni in Pt). To estimate activation barriers for hopping to a vacancy, rather than performing a 
Nudged Elastic Band (NEB) analysis to map out the minimum energy path for hopping, we just 
determine the difference in energy between that at the initial site and that at the midpoint of the 
61 
 
line connecting initial and final sites of the hopping atom. Table 2.4 shows results for Efv and Edv 
for the case where there is no strain in the Pt. 
 
 Efv(v in Pt) Edv(v in Pt) Efv(Ni+v in Pt) Edv(Ni+v in Pt) 
PBE 0.646 (0.971) 1.233 (1.754) 0.693 (1.110) 0.840 (0.740) 
PBEsol 0.844 (1.186) 1.409 (2.006) 0.937 (1.381) 0.928 (0.818) 
 
Table 2.4 Results for vacancy formation energies (in eV) in fcc Pt in the absence of strain. The 
values outside and inside a parenthesis are for rlx and fix, respectively.  
 
As noted in the text, Pt layers in the NP are expected to be under compressive strain,  < 0, 
due to epitaxy with Ni layers, and due to incorporation of Ni into Pt (where the latter effect is 
reflected in Vegard’s law). Thus, we determine the behavior of both Efv(v in Pt) and Efv(Ni+v in 
Pt) for a range of compressive strain, -12% <   0% just using the PBEsol functional. The most 
detailed analysis is for triaxial strain, but we also present limited results for biaxial compressive 
strain. Results shown in Figure 2.10 demonstrate that both Efv(v in Pt) and Efv(Ni+v in Pt) decrease 
strongly with increasing magnitude || of the triaxial compressive strain. A weaker decrease is 
observed for biaxial strain.  
We have also performed more limited analysis of Edv(v in Pt) and Edv(Ni+v in Pt) using the 
PBEsol functional. Just reporting results from analysis which relaxes atom positions (rlx), we find 
that Edv(v in Pt)  1.41 – 15.2 eV for triaxial strain, and Edv(v in Pt)  1.41 – 9.21 eV (1.41 + 
19.3 eV) for biaxial strain orthogonal (parallel) to the direction of imposed strain, at least for 
small || below about 3%. We also find that Edv(Ni+v in Pt)  0.93 – 14.7 eV for triaxial strain, 
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and Edv(Ni+v in Pt)  0.93 – 7.3 eV (0.93 + 9.1 eV) for biaxial strain orthogonal (parallel) to the 
direction of imposed strain, at least for small || below about 3%. 
For vacancy-mediated diffusion of Pt through unstrained and strained bulk Ni, we perform 
analysis analogous to the above treatment for Ni diffusion through Pt. Table 2.5 shows results for 
the relevant Efv and Edv for the case where there is no strain in the Ni. As noted in the text, Ni 
layers in the NP are expected to be under tensile strain,  > 0, due to epitaxy with Pt layers, and 
due to potential incorporation of Pt into Ni. In Figure 2.11, we just show results from the PBEsol 
functional, revealing that both Efv(v in Ni) and Efv(Pt+v in Ni) increase with increasing  (at least 
up to about 6%) for triaxial tensile strain. A weaker increase is observed for biaxial strain. 
 
 
 Efv(v in Ni) Edv(v in Ni) Efv(Pt+v in Ni) Edv(Pt+v in Ni) 
PBE 1.444 (1.502) 1.085 (1.613) 1.349 (1.316) 1.295 (2.996) 
PBEsol 1.635 (1.703) 1.189 (1.762) 1.512 (1.498) 1.426 (3.286) 
 
Table 2.5 Results for Efv and Edv (in eV) for the case where there is no strain in fcc Ni. The 
values outside and inside a parenthesis are for rlx and fix, respectively. 
 
Using the PBEsol functional and relaxing atom positions (rlx), we find that Edv(v in Ni)       
1.19 – 6.3 eV for triaxial strain, and Edv(v in Ni)  1.19 – 9.8 (1.19 + 9.9)  eV for biaxial strain 
orthogonal (parallel) to the direction of imposed strain, at least for small || below about 3%. We 
also find that Edv(Pt+v in Ni)  1.43 – 4.3 eV for triaxial strain, and Edv(Pt+v in Ni)  1.43 – 13.1 
eV (1.43 + 10.3 eV) for biaxial strain orthogonal (parallel) to the direction of imposed strain, at 
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Chapter 3  
 
















A significant portion of the work described in Chapters 3 and 4 has been published in: Williams, 
B. P.*; Yaguchi, M.*; Lo, W.-S.; Kao, C.-R.; Lamontagne, L. K.; Sneed, B. T.; Brodsky, C. N.; 
Chou, L.-Y.; Kuo, C.-H.; Tsung, C.-K. Investigating Lattice Strain Impact on the Alloyed Surface 





We investigated lattice strain on alloyed surfaces using ~10 nm core-shell nanoparticles 
with controlled size, shape, and composition. We developed a wet-chemistry method for 
synthesizing small octahedral PdPt alloy nanoparticles and Au@PdPt core-shell nanoparticles with 
Pd-Pt alloy shells and Au cores. Upon introduction of the Au core, the size and shape of the overall 
nanostructure and the composition of the alloyed PdPt were maintained, enabling the use of the 
electrooxidation of formic acid as a probe to compare the surface structures with different lattice 
strain. We have found that the structure of the alloyed surface is indeed impacted by the lattice 
strain generated by the Au core. To further reveal the impact of lattice strain, we fine-tuned the 
shell thickness. Then, we used synchrotron-based x-ray diffraction to investigate the degree of 
lattice strain, finding that the degree of surface strain is dependent on the shell thickness. 
3.2 Introduction 
Precious metal nanoparticles are the major active catalyst in many electrochemical energy 
conversion processes.1-5 Due to their high cost, much effort has been given to the ongoing 
improvement of their catalytic properties by refining their shape6-12 and alloying them with other 
metals.13-16 During this process, the influence of shape and alloying effects on catalytic activity 
has been studied.3, 17-19  Even the investigation of the combined effect of shape and alloying has 
been reported: Markovic20 has  shown for Pt3Ni crystal facets, for example, that alloying nickel 
into platinum can increase activity toward oxygen reduction, with a dependence on shape related 
to the dominant facet. This change in activity can be explained by an energy shift in the d-band 
center that affects catalysis by increasing or decreasing reactant absorption energies, leading to 
higher activities.21-23 Creating surface lattice strain, which can similarly shift the d-band center, 
has been reported to promote catalytic activity as well.1, 13, 24-29 However, unlike alloying and shape 
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control, which must be located at the surface to impact catalytic activity, lattice strain can impact 
surface reactivity through metal-metal interfaces that are more than a few atomic layers away.1 
This extended range of impact allows lattice strain to be imparted to a shape- and composition-
controlled system where its effect can be tested without changing the dominant surface facet or 
composition.  
To test this hypothesis, we selected a simple model system, choosing an octahedral shape, 
Pd-Pt alloy composition, and a Au core as the lattice strain source. There is an approximately 5% 
lattice mismatch between the Au core and PdPt shell that provides the lattice strain. The 
nanoparticles were characterized using transmission electron microscopy (TEM) and energy 
dispersive X-ray spectroscopy (EDX). The composition of the nanoparticles was characterized 
through scanning-TEM/EDX (STEM/EDX).  The formic acid oxidation reaction (FOR) is used as 
a probe reaction to investigate the surface because it has been demonstrated to be sensitive to 
surface electronic structure.30-31 We synthesized ~10 nm PdPt alloyed nanooctahedra and ~10 nm 
core-alloyed shell nanooctahedra with an 8 nm Au octahedral core and a 2 nm PdPt alloyed shell. 
Three alloy compositions were tested, Pd3Pt1, Pd1Pt1, and Pd1Pt3. It was found that the lattice strain 
generated by the Au core indeed changed FOR activity, regardless of the alloy composition. Core-
alloyed shell nanoparticles were further synthesized with the same core size but different shell 
thickness (while maintaining shape and alloy composition).32-33 Their FOR performance was 
compared with lattice strain analyzed by synchrotron-based high resolution powder x-ray 
diffraction (HRXRD). It was observed that there is an optimal intermediate level of lattice strain 




 To have small nanoparticles with well-defined size, shape, alloying, and core-shell 
structure is not straightforward. We adapted a hydrothermal synthesis mediated by two common 
strategies: co-reduction34 and seed-mediated growth.35 The octahedral alloyed nanoparticles were 
synthesized through the hydrothermal co-reduction34 of Pd2+ and Pt2+ by sodium citrate at 110 °C. 
Cetyltrimethylammonium bromide (CTAB) was used as a capping agent. The weak reducing agent 
and mild reaction temperature slow reduction and deposition rates, promoting formation of the 
(111) facets that dominate the surface of the octahedral shape. We found that the amount of oxygen 
in the synthesis solution is critical since oxygen could etch newborn nuclei and slow the growth 
rate. If too much oxygen is introduced, it leads to octahedra and nanoprisms that are still dominated 
by (111) facets but larger than our target size. Adjusting the molar ratio between the reactant Pt2+ 
and Pd2+ ions allowed for the three different compositions of the Pd3Pt1, Pd1Pt1, and Pd1Pt3 
octahedra (Figures 3.1).  To make core-shell structures, we synthesized 8 nm Au seeds of single 
crystalline structure and monodisperse truncated octahedral shape. While the nanoparticles do not 
serve as shape-directing agents, the presence of many (111) surface facets in the seeds promotes 
epitaxial growth. They are then added to the growth solution of Pd and Pt (DI water, Pt2+, Pd2+, 
and sodium citrate) before reduction in the oven. After reaction, Au@PdPt core-alloyed shell 





Figure 3.1 TEM images of (a, e, i) PdPt alloy octahedral nanoparticles and (c, g, k) Au@PdPt core-
shell octahedral nanoparticles. High-resolution TEM images show the clear lattice fringes of (b, f, 
j) PdPt and (d, h, l) Au@PdPt with different Pd/Pt compositions. The dashed red line surrounds 
the Au core, in which lattice spacings are larger than in the shell due to the larger lattice parameter 
of Au than Pd and Pt (aAu 4.087 Å, aPd 3.867 Å, and aPt 3.920 Å, respectively). 
 
TEM images in Figure 1 show uniform PdPt alloy and Au@PdPt core-shell octahedral 
nanoparticles with three compositions. Figure 3.1b, f, and j are high-resolution TEM images 
showing the lattices from the [110] zone axis (octahedra sitting on a (110) edge). The HRTEM 
images show that all the nanoparticles are single crystalline with (111) facets exposed on their 
alloyed surface. HRTEM images of core-shell nanoparticles display the lattices of both the Au 
cores and the PdPt alloy shells (Figures 3.1d, h, and l). The PdPt shells are conformal, single 
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crystalline alloys, and epitaxial to the Au cores. A slight expansion of the shell lattice can be seen 
due to the Au core. Energy dispersive x-ray spectroscopy (EDX) was carried out to investigate the 
elemental distribution in the nanoparticles (Figure 3.2). Pd to Pt ratios of alloy nanoparticles and 
alloy shells are controlled to be similar (Tables 3.1 and 3.2). 
 
 
Figure 3.2 TEM images and TEM-EDX line-scanning analysis on (a,c) an octahedral Pd1Pt3 alloy 
and (b,d) Au@Pd1Pt3 core-shell octahedral nanoparticles.  
 
Molar Ratio 






3:1 19.39 7.56 Pd2.6Pt1.0 
1:1 13.45 13.12 Pd1.0Pt1.0 
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1:3 5.60 13.10 Pd1.0Pt2.4 
 
Table 3.1 EDX-analyzed composition of octahedral alloy NPs. 
 
Molar Ratio 






3:1 20.08 7.39 Au@Pd2.7Pt1.0 
1:1 18.18 14.22 Au@Pd1.3Pt1.0 
1:3 6.03 15.12 Au@Pd1.0Pt2.5 
 
Table 3.2 EDX-analyzed composition of core-shell NPs. 
 
 
3.4 Varying Shell Thickness 
To investigate the degree of lattice strain at the alloy surface, we have tuned the strain by 
preparing Au@Pd1Pt3 nanoparticles with thinner and thicker shells (see experimental section). 
Three Au@Pd1Pt3 core-shell samples of shell thicknesses of 1.3 nm, 2.3 nm, and 3.5 nm (Figure 
3.5) show a Pd to Pt ratio of 1.0:2.9, 1.0:2.5, and 1.0:2.5, respectively (Table 3.3). Shell thicknesses 
are calculated based on the initial size of the Au core and the final size of the Au-PdPt core-shell 
nanoparticle. EDX line scanning was also performed (Figure 3.2c, d) and agrees well with the 
assigned thicknesses. The alloy nanoparticles have an octahedral shape regardless of shell 





Figure 3.3 TEM images showing a) Au cores and PdPt shells of different thicknesses, b) 1.3 nm, 









1.3 1.80 5.21 Au@Pd1.0Pt2.9 
2.3 6.03 15.12 Au@Pd1.0Pt2.5 
3.5 3.34 8.23 Au@Pd1.0Pt2.5 
 
Table 3.3 EDX-analyzed composition of Au-Pd1Pt3 core-shell octahedral nanoparticles with 





Figure 3.4 Size dispersions of alloy and core-alloyed shell nanoparticles. (a, c, e) PdPt alloy and 
(b, d, f) Au-PdPt core-alloyed shell nanoparticles, with (f-h) representing the Au-Pd1Pt3 core-shell 




To estimate lattice strain, synchrotron-based x-ray diffraction (XRD) with an x-ray 
wavelength of 1.0332 Å was performed. For comparison, we also included the Pd1Pt3 alloy 
nanoparticles. Figure 3.5 includes the (220) peaks of the XRD patterns of Pd1Pt3 alloy and 
Au@Pd1Pt3 core-shell nanoparticles within the range from 41° to 45°. In this range, there are two 
peaks for Au@Pd1Pt3 core-shell nanoparticles but only one for Pd1Pt3 alloy nanoparticles. Peaks 
located around 42° are attributed to the Au cores and peaks located between 43° and 44° 
correspond to the Pd1Pt3 alloy shells. There is a clear trend of peaks shifting from 43.49° to 43.98° 
for the samples with different thicknesses. This shift indicates that the (220) d-spacing of the alloy 
exhibits a lattice expansion from 0.1380 nm to 0.1394 nm with decreasing thickness.  
 
 
Figure 3.5 Synchrotron-based XRD patterns of the (220) peaks of Pd1Pt3 alloy and Au@Pd1Pt3 
core-alloyed shell nanoparticles with three different shell thickness. The wavelength of the 
synchrotron x-ray incident on the samples is 1.0332 Å. The broad peaks between 43° and 44° 
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represent the (220) peak of the Pd1Pt3 alloy (shell), which shifts to the left as shell thickness 
decreases. 
  







a°Pd a°Pt a°PdPtc aPdPtd a°PdPt aPdPt a°PdPt aPdPt a°PdPt aPdPt 
3.867 3.920 
3.904 3.903 3.905 3.915 3.905 3.925 3.906 3.940 
δSe = –0.02 % δS = 0.26 % δS = 0.51 % δS = 0.87 % 
 
Table 3.4 Lattice parameters and strain of Pd, Pt, Pd1Pt3 alloy, and Au-Pd1Pt3 core-shell NPs with 
different shell thicknesses. All lattice parameters are given in Å. a,b Lattice parameters a°Pd and 
a°Pt are taken from x-ray diffraction database no. 87-0645 and no. 87-0646. c  a°PdPt of the alloy 
PdxPt1-x is the estimated lattice parameter from Vegard’s law, where a°PdPt is the sum of  (x) a°Pd 
and (1-x)a°Pt. d aPdPt is the experimental lattice parameter obtained from the (220) peaks in 
synchrotron-based XRD patterns. e δS is lattice strain calculated by [(aPdPt – a°PdPt)/ a°PdPt] × 100 
(%). 
 
Using these lattice parameters (Table 3.4), we estimated lattice strain (δs). a°PdPt is the 
estimated lattice parameter of the alloy obtained from Vegard’s law, in which the lattice parameter 
a°AB of a homogeneous alloy AxB1-x is the sum of xa°A and (1-x)a°B. aPdPt is the experimental value 
of the lattice parameter. Lattice strain, δs, is obtained by comparing the difference between a°PdPt 
and aPdPt, representing the variation in surface atomic arrangement due to the strain force. For 
Au@Pd1Pt3, the thinner the shell, the larger the lattice strain. The estimated number of Pd1Pt3 
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atomic layers in the Au@Pd1Pt3 samples is about 5 (t = 1.3 nm), 10 (t = 2.3 nm), and 15 (t = 3.5 
nm). Fewer atomic layers in the shell allow for more surface influence from lattice mismatch at 
the interface of Au core and alloy shell. Strain shrinks as atomic layers increase because the surface 
becomes farther and farther away from the source of the lattice mismatch. It should be noted that 
changes in overall particle size can also effect surface lattice strain; however, this effect is strong 
in particularly small (<3 nm) nanoparticles.36 Over the size range studied here, these effects should 
be negligible compared to strain induced by the Au core.37 
 
3.5 Conclusion 
In conclusion, to study the lattice strain effect on the alloyed nanoparticle surface, we have 
synthesized well-controlled PdxPty alloyed octahedral nanoparticles and Au@PdxPty core-alloyed 
shell nanoparticles of ~10 nm. We have then changed the thickness of the alloy shell to tune the 
lattice strain and used synchrotron-based XRD to quantify strain. The synchrotron results suggest 
that strain is indeed dependent on shell thickness, suggesting that the synthesized core-shell NPs 
are promising candidates for the identification of the impact of lattice strain on catalysis, and their 
performance (and its relation to surface structure) are discussed in detail in Chapter 4. 
 
Materials and Methods 
Materials 
Palladium (II) chloride (PdCl2, 99 %, Sigma Aldrich), potassium tetrachloroplatinate (II) (K2PtCl4, 
≧99 %, Sigma Aldrich), gold (III) chloride hydrate (HAuCl4, 99.99%, Sigma Aldrich), 
cetyltrimethylammonium bromide (CTAB, 98 %, CALBIOCHEM), cetyltrimethylammonium 
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chloride (CTAC, 95 %, TGI), sodium citrate tribasic dehydrate (C6H5Na3O7・2H2O, Sigma 
Aldrich, 99.5 %) were all used without further purification. Ultrapure distilled and deionized water 
(18.2 MΩ) was used for all solution preparations. Ultrapure Argon (Ar, Airgas) and carbon 
monoxide (CO, Airgas) were used during the synthesis. 
Synthesis 
PdPt Alloy Octahedra: Octahedral Pd-Pt alloy nanoparticles were prepared by a one-pot 
hydrothermal method in aqueous solution. A pressure vessel containing 28.988 mL of deionized 
water and 123.75 mg CTAB was sonicated until the mixture became transparent, indicating the 
surfactant was completely dissolved. Then, 0.375 mL of 0.01 M H2PdCl4 solution (3.75×10-3 
mmol) and 0.375 mL of 0.01 M K2PtCl4 solution (3.75×10-3 mmol) were added. The total molar 
number of Pd2+ and Pt2+ ions are 7.5×10-3 mmol. After bubbling with Ar for 30 min, 0.142 mL of 
0.1 M sodium citrate solution was added into the resulting salmon-pink-colored solution. The 
pressure vessel was then placed and heated at 110 °C for 22 h in the oven. The resulting light-
brown-colored solution was cooled down to room temperature and the products were collected by 
centrifugation at 12000 rpm three times. To adjust alloy composition, the molar ratio of 
H2PdCl4:K2PtCl4 was changed to 1:3 and 3:1, but the total molar number of Pd2+ and Pt2+ ions 
were kept the same (7.5×10-3 mmol). 
Au seeds: Spherical gold seeds (sub-10 nm) were prepared by a one-pot hydrothermal method in 
the aqueous phase. First, 270 mg CTAB was dissolved in 48.513 mL of deionized water. Then, 
1.25 mL of 0.01 M HAuCl4 and 0.237 mL of 0.1 M sodium citrate were added into the clear 
transparent solution, followed by bubbling carbon monoxide for 30 min. The bright-orange 
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solution in a pressure vessel was heated at 110 °C for 22 h and a red-violet-colored solution was 
obtained. 
Au@PdPt core-shell octahedra: In a typical synthesis of octahedral Au@PdPt core-shell 
nanoparticles, a pressure vessel containing 25.988 mL of deionized water, 123.75 mg CTAB was 
sonicated until it became transparent. Once the surfactant was dissolved, 3.0 mL of Au-seed 
solution (7.5×10-4 mmol of Au atoms) was added, followed by the further addition of 0.375 mL of 
0.01 M H2PdCl4 solution and 0.375 mL of 0.01 M K2PtCl4 solution. After bubbling with Ar for 30 
min, 0.142 mL of 0.1M sodium citrate solution was added into the resulting pale-violet color 
cloudy solution. The vessel was then heated at 110 °C for 22 h in the oven. The resulting brown-
colored solution in a pressure vessel was cooled down to room temperature and the products were 
collected via centrifugation at 12000 rpm for redispersion in water, where this rinsing was then 
repeated for a total of three cycles. To make Au@Pd1Pt3 nanoparticles of which shell thickness is 
2.6, 4.6, and 7.0 nm, total molar number of 1.5×10-3, 7.5×10-3, and 1.125×10-2 mmol of H2PdCl4 
and K2PtCl4 were used in a constant Pd2+/Pt2+ ratio equal to 1/3. 
Characterization 
Sample Preparation. For TEM analysis, the synthesized nanoparticles were concentrated into 0.5 
mL of solution. The solution color was dark brown. Taking one TEM grid (TED PELLA, INC. 
Lacey Carbon Type-A) with tweezers (Electron Microscopy Sciences Dumoxel - Tweezers), 5 μL 
of sample solution were dropped onto the grid center and left to dry. For the EDX measurement, 
the same TEM sample grids were used. For synchrotron-based XRD measurements, the sample 
solution containing nanoparticles was concentrated into ~0.1 mL. The colloid was thick and 
brownish-black in color. Silicon wafers were used as substrates for SEM and 20 μL of the sample 
solution dropped onto these and left for drying.  
84 
 
Instrumentation. Scanning electron microscopy (SEM) images of the samples were obtained 
using a JEOL JSM 6340F electron microscope. TEM, including HRTEM and EDX studies were 
performed on a JEOL JEM 2010F electron microscope operating at 200 keV. An x-ray of 1.0332 
Å from synchrotron radiation monochromatized by Si(111) crystal was used for diffraction. The 
growth solution was heated using a Thermo Scientific Lindberg Blue M oven. The particles were 
collected by using Thermo Scientific Sorvall Legend X1R Centrifuge and Eppendorf Centrifuge 
5424. 
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Chapter 4  
 













 Building on the synthetic work introduced in the previous chapters, we use a serious of 
small molecule oxidations to characterize the catalytic behavior of our core-shell nanostructures. 
Methanol oxidation serves to characterize the structural evolution of shaped Pd-(Ni-Pt)x NPs 
following annealing. The activity is correlated with the nanoscale mixing behavior to shed light 
on nanoscale mixing processes and their effect on surface structure. Core-shell Au@PdPt NPs are 
used as catalysts for formic acid oxidation, with a series of shell thicknesses allowing for the 
isolation of the impact of lattice strain on surface structure. Altogether, the results of this chapter 
unravel the impact of several different phenomena on nanocatalyst surface structure and their 
influence on catalytic activity. 
4.2 Introduction 
 The previous chapters introduced the synthesis of two nanostructure systems with different 
nanoscale phenomena determining their surface structure. The layered core-shell Pd-(Ni-Pt)x 
structures used lattice strain to induce mixing of the shell to yield a fully mixed alloy that displayed 
atomic order. The low annealing temperatures allowed for the preservation of shape that 
maintained dominant surface faceting. In this chapter, the effect of mixing on catalytic activity 
will be used to further investigate the degree of mixing after annealing at each temperature and the 
subsequent catalytic activity of the nanocatalyst. The core-alloyed shell Au@PdPt NPs used 
varying shell thickness to introduce different degrees of strain at the surface. The increasing shell 
thickness further serves to reduce the impact of ligand effects on surface structure, as will be 
discussed below. Again, dominant faceting is maintained and composition is controlled. Taken 
together, these two systems allow for analysis of five factors that impact NP catalytic activity: 
composition, strain, ligand effects, atomic order, and faceting. 
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4.3 Probing Pd-Ni-Pt and Pd-(Ni-Pt)2 Surface Structure through Methanol Oxidation 
To further investigate surface structure after metallic mixing, Pd-Ni-Pt and Pd-(Ni-Pt)2 
annealed at each temperature introduced in Chapter 2 were tested for the alkaline methanol electro-
oxidation reaction (MOR), a typical small molecule oxidation reaction with potential in fuel cell 
applications. Electrochemical measurements illuminate the surface electronic structure of the 
catalyst by testing its ability to perform desired transformations. Pt-Ni composites have been 
shown to display high MOR activity, as charge transfer brings the metal d-band to an optimal 
energy level.1 The performance and durability of MOR catalysts can be negatively impacted by 
the (often irreversible) adsorption of a CO intermediate, but it has been shown that intermetallic 
structures are less prone to CO poisoning.2 They are also more resistant to etching in acidic media, 
showcasing higher stability as a result. Each sample was loaded on Vulcan XC-72 carbon and 
dried under nitrogen for 24 hours. The electrochemical conversions were performed using a 
standard three-electrode system: Pt wire as the counter electrode, saturated calomel electrode as 
the reference electrode, and a glassy carbon electrode loaded with 5 μL of the synthesized 
nanocatalysts supported on Vulcan carbon as the working electrode. Blank scans (Figure 4.1) were 
performed in 0.1 M KOH with a potential sweep from -1.0 to +0.6 V. The hydrogen sorption peak 
is denoted by the shaded region of Figure 4.1. The integration of charge collected under this peak 
was used to determine the electrochemical surface area (ECSA) of the tested catalysts. The detailed 





Figure 4.1 Representative electrochemical blank scan of Pd-(Ni-Pt)x supported on carbon. 
 
 Characteristic cyclic voltammetry (CV) scans for Pd-(Ni-Pt)2 (a) and Pd-Ni-Pt (b) annealed 
at various temperatures are shown in Figure 4.2. The peak current densities found in these scans 
are used in Figure 4.3. Three scans were taken for each sample and averaged for the reported peak 
currents. The line shape of the Pd-Ni-Pt 400 °C sample is attributed to competition between the 





Figure 4.2 Methanol oxidation CV traces for (a) Pd-(Ni-Pt)2 and (b) Pd-Ni-Pt after annealing at 
the listed temperatures. 
 
From Figure 4.3, a comparison of each sample (two- and four-layered) at the designated 
temperatures can be seen. At 200 °C, both samples perform nominally the same as the as-
synthesized samples. At 300 °C, each sample has a slight increase in activity, but the four-layered 
sample, with its higher lattice strain and thus greater degree of mixing, does see a somewhat larger 
increase. By 400 °C, as strain allows complete mixing throughout the multilayered shell, the four-
layered sample has a significant jump in activity. This complete mixing can be seen in the lattice 
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spacing measurements (Figure 2.7), and the mixed shell yields a more active surface. However, at 
the same temperature, the two-layered sample has only a minor increase in activity, on par with 
the four-layered sample at 300 °C, as it is only partially mixed, which we attribute to the lesser 
strain in its thicker layers. We moved to higher temperatures to see if we could induce the same 
degree of migration in the two-layered sample as seen in the four-layered. By 500 °C, a larger 
jump in activity is observed, though it does not reach the peak activity of the Pd-(Ni-Pt)2 structure. 
The four-layered sample, meanwhile, decreases in activity.  
 
 
Figure 4.3 Electrochemical activity for methanol oxidation catalyzed by Pd-Ni-Pt and Pd-(Ni-Pt)2 
NPs annealed at various temperatures. Grey bars represent the two-layered Pd-Ni-Pt and red bars 
represent the four-layered Pd-(Ni-Pt)2. 
 
The lower peak activity of the two-layered catalyst and deactivation of the four-layered 
catalyst is attributed to the degradation of the sample at such high annealing temperatures. As 
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mentioned before TEM results show surface deformation of the Pd-Ni-Pt NPs. Further, Ni leaching 
and Pd migration into the Pt phase can be seen (Figure 4.4). In the top line of Figure 4.4, migration 
of the Pd core to the surface can be seen. In the bottom line, leaching of the Ni and formation of a 
PdPt alloy can be seen. Activity is further decreased by annealing at 600 °C. Each sample and 
temperature profile was run in triplicate, leading to the error bars depicted. We again attribute the 
large error bars at high temperatures to sample degradation at these high temperatures, which is 
not a reproducible process. Moreover, the change in the surface structure also causes breaks in the 
consistency of the active sites, which would also lead to a higher degree of error. 
 
Figure 4.4 EDX analysis showing degradation of Pd-Ni-Pt after annealing at 500 °C. 
The temperatures chosen for IMC synthesis beg two questions: First, is the annealing time 
of one-hour ideal for the mixing process? Perhaps a longer annealing time at a lower temperature 
could prevent aggregation and preserve fidelity to the initial cubic NP shape. Second, can the Pd-
Ni-Pt NPs achieve an activity comparable to the Pd-(Ni-Pt)2 NPs if given more time to mix? These 
questions were addressed using extended time studies, annealing the NPs for longer times at each 





Figure 4.5 Extended annealing time studies displaying the MOR activities of Pd-Ni-Pt (grey) and 
Pd-(Ni-Pt)2 (blue) NPs annealed at (a) 200 °C or, for Pd-Ni-Pt, (b) 400 °C for various amounts of 
time. 
 
Annealing for longer than one hour at 200 °C appears to have little effect on the catalytic 
activity, for both the Pd-Ni-Pt and Pd-(Ni-Pt)2 NPs, implying that the low annealing temperature 
is unable to overcome the kinetic barriers associated with mixing, irrespective of the annealing 
time. This experiment agrees well with our DFT results and supports the need to increase annealing 
temperatures in order to induce metallic mixing. The extended annealing at 400 °C shows two 
distinct effects for the Pd-Ni-Pt and Pd-(Ni-Pt)2 NPs. For Pd-(Ni-Pt)2, extending the annealing 
time to two hours led to no change in activity, so further studies were not carried out. This result 
makes sense, as the outer shell is already fully mixed after 1 h. For Pd-Ni-Pt, activity continues to 
increase up to a five-hour annealing time. This result suggests that, given enough time, the thicker 
Ni and Pt layers can achieve mixing similar to the thinner layers in Pd-(Ni-Pt)2. After more than 
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five hours, the activity decreases, which we attribute to surface roughening and sintering after such 
a long annealing process at high temperature. 
The activity of the mixed Pd-Ni-Pt and Pd-(Ni-Pt)2 nanocatalysts reinforces the differences 
in mixing behavior between the two- and four-layered nanostructures. It suggests that the strain 
introduced by the four-layered structure allows for mixing at low annealing temperatures that 
preserve an active catalytic surface. Even the relatively slight increase in diffusion lengths and 
decrease in strain in the Pd-Ni-Pt structure escalates the mixing barriers to the point that annealing 
temperatures are required that damage the nanocatalyst structure. Overall, the Pd-(Ni-Pt)2 structure 
sheds light on the energetic barriers of nanoscale metallic mixing and offers a promising structural 
example of an effective precursor to shaped IMC NPs. 
4.4 Activity for Formic Acid Oxidation 
Formic acid is a good choice for chemical fuel cells due to its high energy density (1740 
Wh/kg) and ease of storage.3 It is generally accepted that there are possible direct and indirect FOR 
pathways.4-6 In the direct pathway, the removal of hydrogen happens either from the C-H bond or 
the O-H bond of HCOOH, followed by oxidation on the catalyst surface to generate CO2. The 
indirect pathway is known as the non-Faradaic (i.e. without electron flow) dehydrogenation of 
formic acid, in which activated COads is produced first and then further oxidized to form CO2. It 
was found that the current density of both pathways is highly dependent on the metal surface 





Figure 4.6 Formic acid oxidation cyclic voltammograms for PdxPty and Au@PdxPty NPs. 
 
Polarization curves indicate that the FOR on our alloy and core-shell nanoparticles follows 
the indirect pathway (Figure 4.6). Cyclic voltammograms were taken in a solution of 1 M H2SO4 
and 1 M formic acid, sweeping at 100 mV/s from -0.2 V to +1.0 V. In the cathodic scan, the peak 
between 0.6 V and 0.0 V represents the oxidation of COads. Current is normalized by the ECSA 
estimated by the integrated reduction charge of surface palladium oxide. Figure 4.7 summarizes 
the cathodic scan current densities of alloy and core-shell nanoparticles. It shows that alloying has 
altered the activity;8 however, the influence of the Au core is more significant as all the core-shell 
nanoparticles have higher current density than their alloy counterparts. This result suggests that 
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the Au core has a large impact on the alloy surface, which we believe originates from lattice strain 
caused by lattice mismatch between the Au core and PdPt shell. Differences in activity between 
the core-shell structures are attributed to differences in composition, as they follow a similar trend 
to that seen for the pure PdPt nanostructures. It should be noted that there could be slight 
differences in lattice strain among the core-shell structures due to the variation in composition, but 




Figure 4.7 Current density of FOR on PdPt alloy and Au@PdPt core-alloyed shell octahedral 
nanoparticles with different Pd:Pt ratios but similar thicknesses.  
 
4.5 The Effect of Lattice Strain on FOR Activity 
The core-alloyed NPs with varied shell thickness were also tested for the FOR. CVs are 
shown in Figure 4.8. Conditions are the same as described above. The peak current density for 
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each shell thickness can be seen in Figure 4.9. The activity of pure Pd1Pt3 alloyed nanoparticles is 
included for comparison. In all cases, the Au core increases the current density of the cathodic 
scans; however, the increase from Pd1Pt3 to Au@Pd1Pt3 with a thick, 3.5 nm shell is negligible, 
rising only from 4.09 to 4.11 mA/cm2. When that thickness is reduced to 2.3 nm, on the other hand, 
a large jump in current density, to 10.08 mA/cm2, is seen. As mentioned earlier, we attribute this 
upturn to the effect of increased lattice strain on the surface that raises the d-band center. For the 
thin, 1.3 nm shell, though, the current density is decreased back to 5.65 mA/cm2. We note that this 
need for optimized structure has been observed in many catalysis studies and indicates that the 
alloy surface is indeed sensitive to the fine structure of the nanoparticles.  
 
 
Figure 4.8 Polarization curves of formic acid oxidation on Au-Pd1Pt3 core-shell nanoparticles with 





Figure 4.9 The relation of lattice strain, current density, and thickness of Pd1Pt3 alloy domains. 
 
There are two potential reasons for this relationship. One possible reason is that when strain 
is too high, as in the case of the thin shell, the surface lattice strain is relaxed by the formation of 
surface defects, sapping its catalytic activity. Another explanation could be the influence of the 
ligand effect. The ligand effect is mainly caused by charge transfer as electron density is transferred 
from a metal with a higher Fermi level to a metal with a lower Fermi level.9 This increased filling 
results in a lowering of the shell’s d-band center and a decrease in FOR activity. Lattice strain 
imparted by Au, on the other hand, raises the d-band center, increasing FOR activity. In the thinnest 
shell’s case, the ligand effect is strong, and charge transfers from the core to the shell, increasing 
the shell’s d-band filling and offsetting the strain effect. When the Pd1Pt3 shell becomes 
sufficiently thick (t = 2.3 nm), the strain effect dominates over the ligand effect, resulting in high 
activity. When the shell is very thick (t = 3.5 nm), neither effect is strong and the particles show 




Overall, the catalytic studies presented in this chapter serve to identify the impact of several 
nanoscale phenomena on surface structure and the resulting impact on activity. In the Pd-(Ni-Pt)x 
system, metallic mixing induces the migration of Ni to the Pt surface, increasing activity for the 
MOR. Annealing of the layered structure represents a promising route to shaped IMC 
nanocatalysts, introducing atomic order that allows for tailoring catalytic sites and induces high 
activity in Pd-(Ni-Pt)2 NPs annealed at a relatively mild 400 °C. For Au@PdPt, manipulation of 
the alloy shell thickness allows for isolation of the effect of lattice strain on the catalytic surface. 
The high activity of the shell of medium thickness suggests that the balance between strain and the 
ligand effect must be considered when designing multilayered nanocatalysts. 
Methods 
Electrochemical Measurements 
Pd-Ni-Pt and Pd-(Ni-Pt)2 
The Pd-Ni-Pt and Pd-(Ni-Pt)2 nanoparticle catalysts were loaded onto carbon black (Vulcan XC-
72) by adding ∼ 3.25 mg directly to the nanoparticle ink solution, sonicated briefly and then dried 
overnight. The nanoparticle on carbon samples were then calcined at the appropriate temperature 
to be used for electrochemical measurements. For the as-synthesized samples, they were loaded 
on carbon and dried, then used. The carbon black with nanoparticle loading was added to a vial 
and diluted to ∼500 μL and 5 μL dropped directly onto a glassy carbon working electrode (CH 
Instruments) allowed to dry followed by a second 5 μL drop for cyclic voltammetry (CV). The CV 
was performed using a BioLogic VSP potentiostat in a typical three-electrode system; a saturated 
calomel electrode was used as the reference electrode and a platinum wire as the counter electrode 
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(both also obtained from CH Instruments).  Blank scans were run in 0.1 M KOH which was purged 
with nitrogen. The CV cycle was scanned from –1.0 to 0.6 V at a scan rate of 50 mV/s until 
stabilization of the hydrogen sorption/desorption peak was reached, usually after ~20 cycles. The 
electrochemically active surface area was determined by the total charge collected from the 
hydrogen peak divided by the charge per area required to remove a layer of hydrogen from the Pt 
surface (210 µC/cm2). For the alkaline electrooxidation of methanol, a 0.5M solution of methanol 
in 0.1M KOH was purged with nitrogen. This solution was cycled from –0.8 to 0.6 V at a scan rate 
of 50 mV/s until a decrease in activity was observed. Electrochemical measurements on the 
PdNi1.5Pt0.5/C catalysts were performed in the same manner. 
PdPt and Au@PdPt 
A three-electrode cell system was utilized to measure the electrochemical properties. A glassy 
carbon electrode was used as the working electrode and first polished with 0.3 micron micropolish 
powder (CH Instruments, Inc.). A saturated calomel electrode (SCE) and a platinum wire were 
used as a reference and counter electrode, respectively. First, blank scans were performed in N2-
saturated fresh 0.5 M H2SO4 solution with the potential scanned in the range from -0.2 V to 1.0 V 
in order to clean the surface of the working electrode with catalyst. In a typical measurement, the 
blank scan without catalyst was continued through around 10-20 cycles. Then, the working 
electrode was taken out from the solution and dried. Next, 5μL of deionized water dispersion of 
purified nanoparticles was deposited on a glassy carbon electrode. The blank scan was carried out 
again to clean the surface of sample-deposited working electrode with the same scanning condition 
for around 200 cycles. For the electrooxidation of formic acid, the cyclic voltammogram was 
recorded at a sweep rate of 100 mV/s in N2-saturated fresh 1 M H2SO4 + 1 M formic acid with the 
potential range from -0.2 V to 1.0 V. The current is normalized by the electrochemically active 
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surface area (ECSA) of catalysts in the electrode, which was estimated from the integrated 
reduction charge of surface palladium oxide by assuming a charge of 0.42 mC/cm2 for the 
reduction of palladium oxide monolayer. For the CO stripping voltammetry measurements, CO 
gas was bubbled for 30 minutes through 0.1 M HClO4 solution in which the electrode immersed. 
The electrode was moved to a fresh N2-saturated 0.1 M HClO4 solution and the CO stripping 
voltammetry was recorded at a sweep rate of 10 mV/s with the potential range from 0.2 V to 1.2 
V. 
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 Tunability remains a double-edged sword in nanocatalysis. The wide variety of structures 
identified in the past few decades suggests that any given reaction can be matched by an effective 
nanocatalyst, but this variety also necessitates such an expansive need for fundamental 
understanding that their rational design remains limited. The picture is further complicated by the 
difficulty inherent in separating the interwoven structure-property relationships that define 
catalysis on the nanoscale. Isolating and understanding each is a daunting task, but it remains vital 
to future efforts to synthesize and supply industrially effective nanocatalysts. In this dissertation, 
multiple strategies were identified and platforms introduced that offer a chance to disentangle the 
underlying structures that define the catalytic surface. 
 Chapter 1 took stock of the current methods for synthesizing intermetallic nanoparticles, 
outlining the current synthetic techniques and their catalytic application. The defined fundamental 
understanding served as a scaffold to understand the experimental work outlined in Chapters 2 and 
3. In Chapter 2, layered structures of Ni and Pt atop Pd cores served as a platform for studying the 
fundamentals of metallic mixing on the nanoscale, with detailed TEM analysis combining with 
theoretical investigation to identify the crucial role of strain in inducing low-temperature mixing 
that allowed for the formation of alloyed, ordered structures while maintaining overall NP 
morphology. Chapter 3 presented the synthesis of Au@PdPt core-alloyed shell NPs with thickness 
variable on the nanometer scale that allowed for the isolation and modulation of strain at the 
nanoparticle surface.  
Chapter 4 applied the nanostructures of the preceding two chapters to small molecule 
oxidations, allowing for the detailed study of surface structure and its effect on catalytic activity. 
The activity of Pd-Ni-Pt and Pd-(Ni-Pt)2 for methanol oxidation was found to be dependent on 
annealing temperature, which is to say on the degree of layer mixing and atomic order formation, 
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demonstrating that the multilayered core-shell platform is a promising route to shape-controlled, 
ordered alloy nanocatalysts. For Au@PdPt core-alloyed shell nanoparticles, an intermediate shell 
thickness was found to be ideal for formic acid oxidation, signifying that the interplay between 
ligand effects and strain must be considered to efficiently design effective nanocatalysts. 
Fundamental understanding of the impact of nanoscale phenomena on catalysis has rapidly 
expanded over the past 20 years. The explosion of NP variety, however, has outpaced this 
expansion, with the result that the rational design of nanocatalysts lags behind their 
implementation. Platforms like those presented here are necessary for the intelligent and efficient 
tailoring of NP catalysts to realize a future of heterogeneous catalysts that are designed with 
atomic-level precision and custom-made for industrially important reactions.  
